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| Ecology: History and Relevance to Humankind 





cord ecology is derived iron: the Greek oikos, meaning “household. and logos, 
meaning “study.” Thus, the study of the environmental house includes all the organ- 
isms in it and all the functional processes that make the house habitable. Literally, 
then, ecology is the study of “life at home” with emphasis on “the totality or pat- 
tern of relations between organisms and their environment,” to cite a standard dic- 
tionary definition of the word (Merriam-Webster’s Collegiate Dictionary, 10th edition, 
s.v. “ecology”). 

The word economics is also derived from the Greek root oikos. As nomics means 
“management,” economics translates as “the management of the household” and, ac- 
cordingly, ecology and economies should be companion disciplines. Unfortunately, 
many people view ecologists and economists as adversaries with antithetical visions. 
Table 1-1 attempts to illustrate perceived differences between economics and ecol- 
ogy. Later, this book will consider the confrontation that results because each disci- 
pline takes a narrow view of its subject and, more important, the rapid development 
of a new interface discipline, ecological economics, that is beginning to bridge the gap 
between ecology and economics (Costanza, Cumberland, et al. 1997; Barrett and Fa- 
rina 2000; L. R. Brown 2001). 

Ecology was of practical interest early in human history. In primitive society, all 
individuals needed to know their environment—that is, to understand the forces of 
nature and the plants and animals around them—to survive. The beginning of civi- 
lization, in fact, coincided with the use of fire and other tools to modify the environ- 
ment. Because of technological achievements, humans seem to depend less on the 
natural environment for their daily needs: many of us forget our continuing depen- 
dence on nature for air, water, and indirectly, food, not to mention waste assimila- 
tion, recreation, and many other services supplied by nature. Also, economic systems, 
of whatever political ideology, value things made by human beings that primarily 
benefit the individual, but they place little monetary value on the goods and services 
of nature that benefit us as a society. Until there is a crisis, humans tend to take nat- 





Table 1-1 A summary of perceived differences between economics and ecology 
Attribute Economics Ecology 
School of thought Cornucopian Neo-Malthusian 
Currency Money Energy 
Growth form J-shaped S-shaped 
Selection pressure rselected K-selected 
Technological approach High technology Appropriate technology 
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ural goods and services for granted; we assume they are unlimited or somehow re- 
placeable by technological innovations, even though we know that life necessities 
such as oxygen and water may be recyclable but not replaceable. As long as the life- 
q support services are considered free, they have no value in current market systems 

4 (see H. T. Odum and E. P. Odum 2000). 

: Like all phases of learning, the science of ecology has had a gradual if spasmodic 
development during: recorded history. The writings of Hippocrates, Aristotle, and 
other philosophers of ancient Greece clearly contain references to ecological topics 
However, the Greeks did not have a word for ecology. The word ecology is of recent 
origin, having been first proposed by the German biologist Ernst Haeckel in 1869. 
Haeckel defined ecology as “the study of the natural environment including the re- 
lations of organisms to one another and to their surroundings” (Haeckel 1869). Be- 
fore this, during a biological renaissance in the eighteenth and nineteenth centurics, 
many scholars had contributed to the subject, even though the word ecology was not 
in use. For example, in the early 1700s, Antoni van Leeuwenhoek, best known as a 
premier microscopist, also pioneered the study of food chains and population regu- 
lation, and the writings of the English botanist Richard Bradley revealed his under- 
standing of biological productivity. All three of these subjects are important areas of 
modern ecology. 

As a recognized, distinct field of science, ecology dates from about 1900, but only 
in the past few decades has the word become part of the general vocabulary. At first, 
the field was rather sharply divided along taxonomic lines (such as plant ecology and 
animal ecology), but the biotic community concept of Frederick E. Clements and 
Victor E. Shelford, the food chain and material cycling concepts of Raymond Linde- 
man and G. Evelyn Hutchinson, and the whole lake studies of Edward A. Birge and 
Chauncy Juday, among others, helped establish basic theory for a unified field of gen- 
eral ecology. The work of these pioneers will be cited often in subsequent chapters. 

What can best be described as a worldwide environmental awareness movement 
burst upon the scene during two years, 1968 to 1970, as astronauts took the first 
photographs of Earth as seen from outer space. For the first time in human history, 
we were able to see Earth as a whole and to realize how alone and fragile Earth hov- 
ers in space (Fig. 1-1). Suddenly, during the 1970s, almost everyone became con- 
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1980s and 1990s, environmental issues were pushed into the poliucal background 
by concerns for human relations— problems such as crime, the cold war, govern- 
ment budgets, and welfare. As we enter the early stages of the twenty-first century, 
environmental concerns are again coming to the forefront because human abuse of 
Earth continues to escalate. We hope that this time, to use a medical analogy, our em- 
phasis will be on prevention rather than on treatment, and ecology as outlined in this 
book, can contribute a great deal to prevention technology and ecosystem health 
(Barrett 2001). 

The increase in public attention had a profound effect on academic ecology. Be- 
fore the 1970s, ecology was viewed largely as a subdiscipline of biology. Ecologists 
were staffed in biology departments, and ecology courses were generally found only 
in the biological science curricula. Although ecology remains strongly rooted in bi- 
ology, it has emerged from biology as an essentially new, integrative discipline that 
links physical and biological processes and forms a bridge between the natural sci- 
ences and the social sciences (E. P. Odum 1977). Most colleges now offer campus- 
wide courses and have separate majors, departments, schools, centers. or institutes of 
ecology. While the scope of ecology is expanding, the study of how individual or- 
ganisms and species interface and use resources intensifies. The multilevel approach, 
as outlined in the next section, brings together “evolutionary” and “systems” think- 
ing, two approaches that have tended to divide the field in recent years 


2 Levels-of-Organization Hierarchy 


Perhaps the best way to delimit modern ecology is to consider the concept of levels 
of organization, visualized as an ecological spectrum (Fig. 1-2) and as an extended 
ecological hierarchy (Fig. 1-3). Hierarchy means “an arrangement into a graded 
series” (Merriam-Webster’s Collegiate Dictionary, 10th edition, s.v. “hierarchy”). Inter- 
action with the physical environment (energy and matter) at each level produces 
characteristic functional systems. A system, according to a standard definition, con- 
sists of “regularly interacting and interdependent componenis forming a unified 
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Figure 1-2. Ecological levels-of-organization spectrum emphasizing the interaction of living 
(biotic) and nonliving (abiotic) components. 
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whole” (Merriam-Webster’s Collegiate Dictionary, 10th edition, s.v. “system”). Systems 
containing living (biotic) and nonliving (abiotic) components constitute biosystems, 
ranging from genetic systems to ecological systems (Fig. 1-2). This spectrum may 
be conceived of or studied at any level, as illustrated in Figure 1-2, or at any inter- 
mediate position convenient or practical for analysis. For example, host-parasite sys- 
tems or a two-species system of mutually linked organisms (such as the fungi-algae 
partnership that constitutes the lichen) are intermediate levels between population 
and community. i 

Ecology is largely, but not entirely, concerned with the system levels beyond that 
of the organism (Figs. 1-3 and 1-4). In ecology, the term population, originally 
coined to denote a group of people, is broadened to include groups of individuals of 
any one kind of organism. Likewise, community, in the ecological sense (sometimes 
designated as “biotic community”), includes all the populations occupying a given 
area. The community and the nonliving environment function together as an eco- 
logical system or ecosystem. Biocoenosis and biogeocoenosis (literally, “life and Earth 
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functioning together”), terms frequently used in European and Russian literature, are 
roughly equivalent to community and ecosystem, respectively. Referring again to 
Figure 1-3, the next level in the ecological hierarchy is the landscape, a term origi- 
nally referring to a painting and defined as “an expanse of scenery seen by the eye as 
one view” (Merriam-Webster’s Collegiate Dictionary, 10th edition, s.v. “landscape”). In 
ecology, landscape is defined as a “heterogenous area composed of a cluster of in- 
teracting ecosystems that are repeated in a similar manner throughout” (Forman and 
Godron 1986). A watershed is a convenient landscape-level unit for large-scale study 
and management because it usually has identifiable natural boundaries Biome is a 
term in wide use for a large regional or subcontinental system characterized by a ma- 
jor vegetation type or other identifying landscape aspect, as, for example, the Tem- 
perate Deciduous Forest biome or the Continental Shelf Ocean-biome. A region is a 
large geological or political area that may contain more than one biome—for ex- 
ample, the regions of the Midwest, the Appalachian Mountains, or the Pacific Coast. 
The largest and most nearly self-sufficient biological system is often designated as the 
ecosphere, which includes all the living organisms of Earth interacting with the 
physical environment as a whole to maintain a self-adjusting, loosely controlled puls- 
ing state (more about the concept of “pulsing state” later in this chapter). 
Hierarchical theory provides a convenient framework for subdividing and exam- 
ining complex situations or extensive gradients, but it is more than just a useful rank- 
order classification. It is a holistic approach to understanding and dealing with com- 








fhe Emerges) Crop 





“iualions, and is ais alle alive o (e feetachivuss 





by reducing problems tu low cr-lewel analysis (Abl and Alles 

More than 50 years ago Novikoff (1945) pomted out thar ih 
ity and discontinuity in the evolution of the universe. Development may be viewed 
as continuous because it involves never-ending change, but it is also discontinuous 
because it passes through a series of different levels of organization. As we shall dis- 
cuss in Chapter 3, the organized state of life is maintained by a continuous but step- 
wise flow of energy. Thus, dividing a graded series, or hierarchy, into components is 
in many cases arbitrary, but sometimes subdivisions can be based on natural discon- 
tinuities, Because each level in the levels-of-organization spectrum is “integrated” or 
interdependent with other levels, there can be no sharp lines or breaks in a functional 
sense, not even between organism and population. The individual organism. for ex- 
ample, cannot survive for long without its population, any more than the organ 
would be able to survive for long as a self-perpetuating unit without its organism 
Similarly, the community cannot exist without the cycling of materials and the flow 
of energy in the ecosystem. This argument is applicable to the previously discussed 
mistaken notion that human civilization can exist separately from the natural world. 

It is very important to emphasize that hierarchies in nature are nested—that is, 
each level is made up of groups of lower-level units (populations are composed of 
groups of organisms, for example). In sharp contrast, human-organized hierarchies 
in governments, cooperations, universities, or the military are nonnested (sergeants 
are not composed of groups of privates, for example). Accordingly. human-organized 
hierarchies tend to be more rigid and more sharply separated as compared to natu- 
ral levels of organization. For more on hierarchical theory. see T. F. H. Allen and Starr 
(1982), O'Neill et al. (1986), and Ahl and Allen (1996) 
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The Emergent Property Principle 


An important consequence of hierarchical organization is that as components. or 
subsets, are combined to produce larger functional wholes, new properties emerge 
that were not present at the level below. Accordingly, an emergent property of an: 
ecological level or unit cannot be predicted from the study of the components of that 
level or unit. Another way to express the same concept is nonreducible property— 
that is, a property of the whole not reducible to the sum of the properties of the parts 
Though findings at any one level aid in the study of the next level, they never com- 
pletely explain the phenomena occurring at the next level, which must itself be stud- 
ied to complete the picture. ` 

Two examples, one from the physical realm and one from the ecological realm, 
will suffice to illustrate emergent properties. When hydrogen and oxygen are com- 
bined in a certain molecular configuration, water is formed—-a liquid with proper- 
ties utterly different from those of its gaseous components. When certain algae and 
coelenterate animals evolve together to produce a coral, an efficient nutrient cycling 
mechanism is created that enables the combined system to maintain a high rate of 
productivity in waters with a very low nutrient content. Thus, the fabulous produc- 
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defined previcusly, and collective properties, which are summations of the behav- 
ior of components. Both are properties of the whole, but the co lective properties do 
not involve new or unique ae resulting from the functioning of the whole 
unit. Birth rate is an example of a population level collective property, as it is merely 
a sum of the individual births in a designated time period, expressed as a fraction or 
percent of the total number of individuals in the population. New properties emerge 
because the components interact, not because the basic nature of the components is 
changed. Parts are not “melted down,” as it were, but integrated to produce unique 
new properties. It can be demonstrated mathematically that integrative hierarchies 
evolve more rapidly from their constituents than nonhierarchical systems with the 
same number of elements; they are also more resilient in response to disturbance. 
Theoretically, when hierarchies are decomposed to their various levels of subsystems. 
the latter can still interact and reorganize to achieve a higher level of complexity. 

Some attributes, obviously, become more complex and variable as one proceeds 
to higher levels of organization, but often other attributes become less complex and 
less variable as one goes from the smaller to the larger unit. Because feedback mech- 
anisms (checks and balances, forces and counterforces) operate throughout, the am- 
plitude of oscillations tends to be reduced as smaller units function within larger 
units. Statistically, the variance of the whole-system level property is less than the 
sum of the variance of the parts. For example, the rate of photosynthesis of a forest 
community is less variable than that of individual leaves or trees within the commu- 
nity, because when one component slows down, another component may speed up 
to compensate. When one considers both the emergent properties and the increasing 
homeostasis that develop at each level, not all component parts must be known be- 
fore the whole can be understood. This is an important point, because some contend 
that it is useless to try to work on complex populations and communities when the 
smaller units are not yet fully understood. Quite the contrary, one may begin study 
at any point in the spectrum, provided that adjacent levels, as well as the level in 
question, are considered, because, as already noted, some attributes are predictable 
from parts (collective properties), but others are not (emergent properties). Ideally, a 
system-level study is itself a threefold hierarchy: system, subsystem (next level below), 
and suprasystem (next level above). For more on emergent properties, see T. F. H. Allen 
and Starr (1982), T. F. H. Allen and Hoekstra (1992), and Ahl and Allen (1996). 

Each biosystem level has emergent properties and reduced variance as well as a 
summation of attributes of its subsystem components. The folk wisdom about the 
forest being more than just a collection of trees is, indeed, a first working principle 
of ecology. Although the philosophy of science has always been holistic in seeking to 
understand phenomena as a whole, in recent years the practice of science has become 
increasingly reductionist in seeking to understand phenomena by detailed study of 
smaller and smaller components. Laszlo and Margenau (1972) described within the 
history of science an alternation of reductionist and holistic thinking reductionism- 
constructionism and atomism-holism are other pairs of words used to contrast these 
philosophical approaches). The law of diminishing returns may very well be involved 
here, as excessive effort in any one direction eventually necessitates taking. the other 
(or another) direction. 

The reductionist approach that has dominated science and technology since Isaac 























‘Newton has made major contributions. For example rescue hat ihe ciake ana me 
lecular levels has established a firm basis for the future cure wid prevention ol can- 
cers at the level of the organism. However, cell-level science will ontnbute very little 
to the well-being or survival of human civilization if we understand the higher levels 
of organization so inadequately that we can find no solutions to population over- 
growth, pollution, and other forms of societal and environmental disorders. Both ho- 
lism and reductionism must be accorded equal value—and simultaneously, not al- 
ternatively (E. P. Odum 1977; Barrett 1994). Ecology seeks synthesis, not separation. 
The revival of the holistic disciplines may be due at least partly to citizen dissatisfac- 
tion with the specialized scientist who cannot respond to the large-scale problems 
that need urgent attention. (Historian Lynn White's 1980 essay “The Ecology of Our 
Science” is recommended reading on this viewpoint.) Accordingly. we shall discuss 
ecological principles at the ecosystem level, with appropriate attention to organism. 
population, and community subsets and to landscape, biome, and ecosphere supra- 
sets. This is the philosophical basis for the organization of the chapters in this book. 

Fortunately, in the past 10 years, technological advances have allowed humans to 
deal quantitatively with large, complex systems such as ecosystems and landscapes. 
Tracer methodology, mass chemistry (spectrometry, colorimetry, chromatography), 
remote sensing, automatic monitoring, mathematic modeling, geographical informa- 
tion systems (GIS), and computer technology are providing the tools. Technology is, 
of course, a double-edged sword; it can be the means of understanding the whole- 
ness of humans and nature or of destroying it. 


Transcending Functions and Control Processes 


Whereas each level in the ecological hierarchy can be expected to have unique emer- 
gent and collective properties, there are basic functions that operate at all levels. Ex- 
amples of such transcending functions are behavior, development, diversity, ener- 
getics, evolution, integration, and regulation (see Fig. 1-3 for details). Some of these 
(energetics, for example) operate the.same throughout the hierarchy, but others dif- 
fer in modus operandi at different levels. Natural selection evolution, for example, in- 
volves mutations and other direct genetic interactions at the organism level but indi- 
rect coevolutionary and group selection processes at higher levels. 

It is especially important to emphasize that although positive and negative feed- 
back controls are universal, from the organism down, control is set point, in that it in- 
volves very exacting genetic, hormonal, and neural controls on growth and develop- 
ment, leading to what is often called homeostasis. As noted on the right-hand side 
of Figure 1-4, there are no set-point controls above the organism level (no chemostats 
or thermostats in nature). Accordingly, feedback control is much looser, resulting in 
pulsing rather than steady states. The term homeorhesis, from the Greek meaning 
“maintaining the flow,” has been suggested for this pulsing control. In other words, 
there are no equilibriums at the ecosystem and ecosphere levels, but there are pulsing 
balances, such as between production and respiration or between oxygen and carbon 
dioxide in the atmosphere. Failure to recognize this difference in cybernetics (the sci- 
ence dealing with mechanisms of control or regulation) has resulted in much confu- 
sion about the realities of the so-called “balance of nature.” 
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5 Ecological interfacing 


Because ecology is a broad, multilevel discipline. it interfaces well with traditional 
disciplines that tend to have more narrow focus. During the past decade, there has 
been a rapid rise of interface fields of study accompanied by new societies, journals, 
symposium volumes, books—and new careers. Ecological economics, one of the 
Most Important, was mentioned in the first section in this chapter. Others that are re- 
ceiving a great deal of attention, especially in resource Management, are agroecology, 
biodiversity, conservation ecology, ecological engineering, ecosystem health. ecotox- 
icology, environmental ethics, and restoration ecology. 

In the beginning, an interface effort enriches the disciplines being interfaced. 
Lines of communication are established, and the expertise of narrowly trained “ex- 
perts” in each field is expanded. However, for an interface field to become 4 new dis- 
cipline, something new has to emerge, such as a new concept or technology. The con- 
cept of nonmarket goods and services, for example, was a new concept that emerged 
in ecological economics, but that initially neither traditional ecologists nor econo- 
mists would put in their textbooks (Daily 1997; Mooney and Ehrlich 1997). 

Throughout this book, we will refer to natural capital and economic capital. Nat- 
ural capital is defined as the benefits and services supplied to human societies by 


among others (Daily 1997). ` 

Economic capital is defined as the goods and services provided by humankind, 
or the human workforce, typically expressed as the gross national product (GNP). 
Gross national product is the total monetary value of all goods and services pro- 
vided in a country during one year. Natural capital is typically quantified and ex- 
pressed in units of energy, whereas economic capital is expressed in monetary units 
(Table 1-1). Only in recent years has there been an attempt to value the world’s 
ecosystem services and natural capital in monetary terms. Costanza, d’Arge, et al 
(1997) estimated this value to be in the range of 16 to 54 trillion US. dollars per year 
for the entire biosphere, with an average of 33 trillion U.S. dollars per year. Thus it is 
wise to protect natural ecosystems, both ecologically and economically, because of 
the benefits and services they provide to human societies, as will be illustrated in the 
chapters that follow. 


| 
| 
6 About Models 


If ecology is to be discussed at the ecosystem level, for reasons already indicated, how 
can this complex and formidable system level be dealt with? We begin by describmg 
simplified versions that encompass only the most important, or basic, properties and 
functions, Because, in science, simplified versions of the real world are called models, 
it is appropriate now to introduce this concept. l 

A model (by definition) is a formulation that mimics a real-world phenomenon 
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matical Yormal) if their quantitative predictions are to De nason 
ample, a mathematical formulation thai mimics numeral hang 
of insects and that predicts the numbers in the population at some ume would be 
considered a biologically useful model. If the insect population in question is a pest 
species, the model could have an economically important application. 

Computer-simulated models permit one to predict probable outcomes as param- 
eters in the model are changed, as new parameters are added, or as old ones are re- 
moved. Thus, a mathematical formulation can often be “tuned” or refined by com- 
puter operations to improve the “fit” to the real-world phenomenon. Above all, 
models summarize what is understood about the situation modeled and thereby de- 
limit aspects needing new or better data, or new principles. When a model does not 
work—when it poorly mimics the real world—computer operations can often pro- 
vide clues to the refinements or changes needed. Once a model proves to be a useful 
mimic, opportunities for experimentation are unlimited, because one can introduce 
new factors or perturbations and see how they would affect the system. Even when a 
model inadequately mimics the real world, which is often the case in its early stages 
of development, it remains an exceedingly useful teaching and research tool if it re- 
veals key components and interactions that merit special attention. 

Contrary to the feeling of many who are skeptical about modeling the complex- 
ity of nature, information about only a relatively small number of variables is often a 
sufficient basis for effective models because key factors, or emergent and other inte- 
grative properties, as discussed in Sections 2 and 3, often dominate or control a large 
percentage of the action. Watt (1963), for example, stated, “We do not need a tremen- 
dous amount of information.about a great many variables to build revealing mathe- 
matical models.” Though the mathematical aspects of modeling are a subject for ad- 
vanced texts, we should review the first steps in model building. 

Modeling usually begins with the construction of a diagram, or “graphic model,” 
which is often a box or compartment diagram, as illustrated in Figure 1-5. Shown are 
two properties, P, and P}, that interact, 1, to produce or affect a third property. P:. 
when the system is driven by an energy source, E. Five flow pathways, F, are shown, 
with F, representing the input and F, the output for the system as a whole. Thus, at 
a minimum, there are five ingredients or components for a working model of an eco- 
logical situation, namely, (1) an energy source or other outside forcing function, E; 
(2) properties called state variables, P}, P),...P,: (3) flow pathways, F).F),...F, 
showing where energy flows or material transfers connect properties with each other 
and with forces; (4) interaction functions, 1, where forces and properties interact to 
modify, amplify, or control flows or create new “emergent” properties; and (5) feed- 
back loops, L. 

Figure 1-5 could serve as a model for the preduction of photochemical smog in 
the air over Los Angeles. In this case, P, could represent hydrocarbons and P, nitro- 
gen oxides, two products of automobile exhaust emission. Under the driving force of 
sunlight energy, E, these interact to produce photochemical smog. P;. In this case, 
the interaction function, 1, is a synergistic or augmentative one, in that P, is a more 
serious pollutant for humans than is P, or P, acting alone. l 

Alternatively, Figure 1-5 could depict a grassland ecosystem in which P, repre- 
sents the green plants that convert the energy of the Sun, E, to food. P, might repre- 
sent a herbivorous animal that eats plants, and P, an omnivorous animal that can eat 
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Figure 1-5. Compartment diagram showing the five basic components of primary interest in 
modeling ecoiogical systems. E = energy source (forcing function); P,, P), P3 = state variables: 
F,-F, = flow pathways; I = interaction function; L = feedback loop. 


either the herbivores or the plants. In this case, the interaction function, 1, could rep- 
resent several possibilities. It could be a no-preference switch if observation in the 
real world showed that the omnivore P; eats either P, or P,, according to availability. 
Or I could be specified to be a constant percentage value if it was found that the diet 
of P, was composed of, say, 80 percent plant and 20 percent animal matter. irre- 
spective of the state of P, or P,. Or I could be a seasonal switch if P, feeds on plants 
during one part of the year and on animals during another season. Or I could be a 
threshold switch if P, greatly prefers animal food and switches to plants only when 
P, is reduced to a low level. 

Feedback loops are important features of ecological models because they repre- 
sent control mechanisms. Figure 1-6 is a simplified diagram of a system that features 
a feedback loop in which “downstream” output, or some part of it, is fed back or re- 
cycled to affect or perhaps control “upstream” components. For example, the feed- 
back loop could represent predation by “downstream” organisms, C, that reduce and 
thereby tend to control the growth of “upstream” herbivores or plants B and A in the 
food chain. Often, such a feedback actually promotes the growth or survival of a 
downstream component, such as a grazer enhancing the growth of plants (a “reward 
feedback,” as it were), 


Figure 1-6. Compartment model with a feedback or con- 
trol loop that transforms a linear system into a partially cycli- 
cal one. 
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Figure 1-6 could also represent a desirable economic system in which resources, 
A. are converted into useful goods and services, B, with the production of wastes, C, 
that are recycled and used again in the conversion process (A — B), thus reducing 
the waste output of the system. By and large, natural ecosystems have a circular ot 
loop design rather than a linear structure. Feedback and cybernetics. the science of 
controls, are discussed in detail in Chapter 2. 

Figure 1-7 illustrates how positive and negative feedback can interact in the rela- 
tionship between atmospheric CO, concentration and climatic warming. An increase 
in CO, has a positive greenhouse effect on global warming and on plant growth 
However, the soil system acclimates to the warming. so soil respiration does not con- 
tinue to increase with warming. This acclimation results in a negative feedback on 
carbon sequestration in the soil, thus reducing emission of CO, to the atmosphere, 
according to a study by Luo et al. (2001). 

Compartment models are greatly enhanced by making the shape of the “boxes” 
indicate the general function of the unit. In Figure 1-8, some of the symbols from 
the H. T. Odum energy language (H. T. Odum and E. P. Odum 1982; H. T. Odum 
1996) are depicted as used in this book. In Figure 1-9, these symbols are used in a 
model of a pine forest located in Florida. Also, in this diagram estimates of the 
amount of energy flow through the units are shown as indicators of the relative im- 
portance of unit functions. 

In summary, good model definition should include three dimensions: (1) the 
space to be considered (how the system is bounded), (2) the subsystems (compo- 
| nents) judged to be important in overall function, and (3) the time interval to be con- 
t 
| 





sidered. Once an ecosystem, ecological situation, or problem has been properly 
defined and bounded, a testable hypothesis or series of hypotheses is developed that 
can be rejected or accepted, at least tentatively, pending further experimentation or 
analysis. For more on ecological modeling, see Patten and Jørgensen (1995), H. T. 
Odum and E. C. Odum (2000), and Gunderson and Holling (2002). 
i In the following chapters, the paragraphs headed by the word statement are, in 
i effect, “word” models of the ecological principle in question. In many cases, graphic 
i models are also presented, and in some cases, simplified mathematical formula- 
tions are included. Most of all, this book attempts to provide the principles, concepts, 
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Figure 1-8. The H. T. Odum energy language symbols used in model diagrams in this book. 
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Figure 1-9. Ecosystem model using 
_ energy language symbols and including 
estimated rates of energy flow for a Flor- 
ida pine forest (courtesy of H. T. Odum). 

















Figure 1-10. Progression 
of relations among disciplines 
from disciplinary reductionism 
to transdisciplinary holism (af- 
ter Jantsch 1972). 
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Disciplinary Reductionism to Transdisciplinary Holism 


In a paper entitled “The Emergence of Ecology as a New Integrative Discipline,” 
E. P. Odum (1977) noted that ecology had become a new holistic discipline, having 
roots in the biological, physical, and social sciences, rather than just a subdiscipline 
of biology. Thus, a goal of ecology is to link the natural and social sciences. It should 
be noted that most disciplines and disciplinary approaches are based on increased 
specialization in isolation (Fig. 1-10). The early evolution and development of ecol- 
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ners were established on campuses throughout the world, such as the Insutute of 
Ecology located on the campus of the University of Georgia. These crossdisciplinary 
approaches (cross = “traverse”; Fig. 1-10) frequently resulted in polarization toward 
a specific monodisciplinary concept, a poorly funded administrative unit, or a nar- 
row mission. A crossdisciplinary approach also frequently resulted in polarized fac- 
ulty reward systems. Institutions of higher learning, traditionally built on disciplinary 
structures, have difficulties in administering programs and addressing environmen- 
tal problems as well as taking advantage of opportunities at greater temporal and spa- 
tial scales, 
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To address the dilemma, interdisciplinary approaches (inter = “among”) were 
employed, resulting in cooperation on a higher-level concept, problem, or question. 
For example, the process and study of natural ecological succession provided a 
higher-level concept resulting in the success of the Savannah River Ecological Labo- | 
ratory (SREL) during its conception. Researchers theorized that new system proper- | 
ties emerge during the course of ecosystem development and that it is these proper- 
ties that largely account for species and growth form changes that occur (E. P. Odum 
1969, 1977; see Chapter 8 for details). Today, interdisciplinary approaches are’com- 
mon when addressing problems at ecosystem, landscape, and global levels. 
Much remains to be done, however. There is an increased need to solve problems, 
promote environmental literacy, and manage resources in a transdisciplinary man- 
ner. This multilevel, large-scale approach involves entire education and innovation 
systems (Fig. 1-10). This integrative approach to the need for unlocking cause-and- 
effect explanations across and among disciplines (achieving a transdisciplinary un- 
derstanding) has been termed consilience (E. O. Wilson 1998), sustainability science 
(Kates et al. 2001), and integrative science (Barrett 2001), Actually, the continued de- 
velopment of the science of ecology (the “study of the household” or “place where we 
live”) will likely evolve into that much-needed integrative science of the future. This 
book attempts to provide the knowledge, concepts, principles, and approaches to 
underpin this educational need and learning process. 
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Concept of the Ecosystem and Ecosystem Management 


Statement 


Living (biotic? organisms and their nonliving (abiotic) environment are inseparably 
interrelated and interact with each other. Any unit that includes all the organisms 
(the biotic community) in a given area interacting with the physical environment so 
that a flow of energy leads to clearly defined biotic structures and cycling of materi- 
als between living and nonliving components is an ecological system or ecosystem. 
It is more than a geographical unit (or ecoregion), it is a functional system unit. with 
inputs and outputs, and boundaries that can be either natural or arbitrary. 

The ecosystem is the first unit in the ecological hierarchy (see Fig. 1-3, Chapter 1) 
that is complete—that has all the components (biological and physical) necessary for 
survival. Accordingly, it is the basic unit around which to organize both theory and 
practice in ecology. Furthermore, as the shortcomings of the “piecemeal,” short-term 
technological and economic approaches to dealing with complex problems become 
ever more evident with each passing year, management at this level (ecosystem man- 
agement) emerges as the challenge for the future. Because ecosystems are function- 
ally open systems, consideration of both the input environment and the output en- 
vironment is an important part of the concept (Fig. 2-1), 


Explanation 


The term ecosystem was first proposed in 1935 by the British ecologist Sir Arthur G. 
Tansley (Tansley 1935). Allusions to the idea of the unity of organisms and environ- 
ment (and the oneness of humans and nature) can be found as far back in written his- 
tory as one might care to look. Not until the late 1800s, however, did formal statements 
begin to appear, interesting enough, in a parallel manner in the American, European, - 
and Russian ecological literature. Thus, Karl Mobius in 1877 wrote (in German) 
about the community of organisms in an oyster reef as a “biocoenosis,” and in 1887 
S. A. Forbes, an American, wrote his classic essay “The Lake as a Microcosm.” The pi- 
oneering Russian, V. V. Dokuchaev (1846-1903), and his chief disciple, G. F. Moro- 
zov, emphasized the concept of the “biocoenosis,” a term later expanded by Russian 
ecologists to “geobiocoenosis” (Sukachev 1944). 

Not only biologists but also physical scientists and social scientists began to con- 
sider the idea that both nature and human societies function as systems. In 1925, 
physical chemist A. J. Lotka wrote in a book entitled Elements of Physical Biology that 
the organic and inorganic worlds function as a single system to such an extent that it 
is impossible to understand either part without understanding the whole. It is signifi- 
cant that a biologist (Tansley) and a physical scientist (Lotka) independently and at 
about the same time came up with the idea of the ecological system. Because Tansley 
coined the word ecosystem and it caught on, he received most of the credit, which per- 
haps should be shared with Lotka. . l 

In the 1930s, social scientists developed the holistic concept of regionalism, cs- 
pecially Howard W. Odum, who used social indicators to compare the southern re- 
gion of the United States with other regions (H. W. Odum 1936; H. W. Odum and 
Moore 1938). More recently, Machlis et al. (1997) and Force and Machlis (1997) 
have promoted the idea of the human ecosystem, combining biological ecology and 
social theories as a basis for practical ecosystem management. 
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It was not until a general systems theory was developed in the mid-twentieth 
century by Bertalanffy (1950, 1968) and others that ecologists, notably E. P Odum 
(1953), E. C. Evans (1956), Margalef (1958), Watt (1966), Patten (1966, 1971), Van 
Dyne (1969), and H. T. Odum (1971), began to develop the definitive. quantitative 
field of ecosystem ecology. The extent to which ecosystems actually operate as general 
systems and the extent to which they are self-organizing are matters of continuing re- 
search and debate, as will be noted later in this chapter. The utility of the ecosystem 
or systems approach in solving real-world environmental problems is now receiving 
serious attention. 

Some other terms that have been used to express the holistic viewpoint, but that 
are not necessarily synonymous with ecosystem, include biosystem (Thienemann 1939), 
nodsystem (Vernadskij 1945); and holon (Koestler 1969). As is the case for all kinds 
and levels of biosystems (biological systems), ecosystems are open systems—that 
is, things are constantly entering and leaving, even though the general appearance 
and basic function may remain constant for lomg periods of time. As shown in Fig- 
ure 2-1, a graphic model of an ecosystem can consist of a box that we can label the 
system, which represents the area we are interested in, and two large funnels that we 
can label input environment and output environment. The boundary for the sys- 
tem can be arbitrary (whatever is convenient or of interest), delineating an area such 
as a block of forest or a section of beach: or it can be natural, such as the shore of a 
lake, where the whole lake is to be the system, or ridges as boundaries of a watershed. 

Energy is a necessary input. The Sun is the ultimate energy source for the eco- 
sphere and directly supports most natural ecosystems within the biosphere. But there 
are other energy sources that may be important for many ecosystems, for example, 
wind, rain, water flow, or fossil fuel (the major source for the modern city). Energy 
also flows out of the system in the form of heat and in other transformed or processed 
forms, such as organic matter (food and waste products) and pollutants. Water, air, 
and nutrients necessary for life, along with all kinds of other materials, constantly en- 
ter and leave the ecosystem. And, of course, organisms and their propagules (seeds 
or spores) and other reproductive stages enter (immigrate) or leave (emigrate). 
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Figure 2-2. Functional diagram of an ecosystem, with emphasis on internal dynamics in- 
volving energy flow and material cycles. S = storage; A = autotrophs; H = heterotrophs. 


In Figure 2-1, the system part of the ecosystem is shown as a black box, which is 
defined by modelers as a unit whose general role or function can be evaluated with- 
out specifying its internal contents. However, we want to look inside this black box 
to see how it is organized internally and find out what happens to all those inputs. 
Figure 2-2 shows the contents, as it were, of an ecosystem in model form 

The interactions of the three basic components—namely, (1) the community, 
(2) the flow of energy, and (3) the cycling of materials—are diagrammed as a simpli- 
fied compartment model with the general features discussed in the preceding chap- 
ter. Energy flow is one-way; some of the incoming solar energy is transformed and 
upgraded in quality (that is, converted into organic matter, a higher-quality form of 
energy than sunlight) by the community, but most input energy is degraded and 
passes through and out of the system as low-quality heat energy (heat sink). Energy 
can be stored, then “fed back,” or exported, as shown in the diagram, but it cannot 
be reused. The physical laws governing the behavior of energy are considered m de- 
tail in Chapter 3. In contrast with energy, materials, including the nutrients neces- 
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Each “box” in the diagram (Fig. 2-2) is given a distinctive shape that indicates its 
general function according to an “energy language,” as introduced in Chapter | 
(Fig. 1-8). The community is depicted as a food web of autotrophs, A, and hetero- 
trophs, H, linked together with appropriate energy flows, nutrient cycles, and stor- 
ages, S. Food webs will be discussed in Chapter 3. 

Both graphic models (Figs. 2-1 and 2-2) emphasize that a conceptually complete 
ecosystem includes an input environment (IE) and an output environment (OF) 
along with the system (S) as delimited, or ecosystem = IE + S + OF. This scheme 
solves the problem of where to draw lines around an entity that one wishes to con- 
sider, because it does not matter very much how the “box” portion of the ecosystem 
is delimited. Often, natural boundaries, such as a lakeshore or forest edge, or politi- 
cal ones, such as province or city limits, make convenient boundaries, but limits can 
just as well be arbitrary so long as they can be accurately designated in a geometric 
sense. The box is not all there is to the ecosystem, because if the box were an imper- 
vious container, its living contents (lake or city) would not long survive such isola- 
tion. A functional or real-world ecosystem must have an input lifeline and, in most 
cases, a means of exporting processed energy and materials. 

The extent of the input and output environment varies extremely and depends on 
several variables, for example, (1) size of the system (the larger, the less dependent 
on externals); (2) metabolic intensity (the higher the rate, the greater the input and 
output); (3) autotrophic-heterotrophic balance (the greater the imbalance, the more 
externals to balance), and (4) stage of development (young systems differ from ma- 
ture systems, as detailed in Chapter 8). Thus, a large, forested mountain range has 
much smaller input-output environments than does a small stream or a city These 
contrasts are brought out in the discussion of examples of ecosystems (see Section 4 
of this chapter). 

Before the agricultural and industrial revolutions, humans were largely hunters 
and gatherers living on whatever they could kill or harvest from natural systems, 
Early humans fit into the ecosystem model of Figure 2-2 as the terminal H (top pred- 
ator and omnivore). Modern urban-industrial society no longer just affects and mod- 
ifies natural systems but has created a completely new arrangement that we term the 
human-dominated technoecosystem, as we will explain and model in Section 11 of this 
chapter. For historical reviews of the ecosystem concept, sce Hagen (1992) and Gol- 
ley (1993). 
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Trophic Structure of the Ecosystem 


Statement 


From the standpoint of trophic structure (from trophe = “nourishment”), an eco- 
system is two-layered: It has (1) an upper, autotrophic (“self-nourishing”) stratum 
or “green belt” of chlorophyll-containing plants in which the fixation of light energy, 
the use of simple inorganic substances, and the buildup of complex organic sub- 
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convenient to recognize the following components as constituting the ecosysten: 

(1) inorganic substances (C, N. CO, H,O, and others) involved in material cycles: 
(2) organic compounds (proteins, carbohydrates, lipids, humic substances, and so 
on) that link biotic and abiotic components; (3) air, water, and substrate envi- 
ronment, including the climate regime and other physical factors; (4) produc- 
ers (autotrophic organisms), mostly green plants that can manufacture food from 
simple inorganic substances; (5) phagotrophs (from phago = “to eat”), heterotrophic 
organisms, chiefly animals, that ingest other organisms or particulate organic matter; 
and (6) saprotrophs (from sapro = “to decompose”) or decomposers, also hetero- 
trophic organisms, chiefly bacteria and fungi, that obtain their energy either by break- 
ing down dead tissues or by absorbing dissolved organic matter exuded by or ex- 
tracted from plants or other organisms. Saprophages are organisms that feed on dead 
organic matter. The decomposing activities of saprotrophs release inorganic nutri- 
ents that are usable by the producers: they also provide food for the macroconsumers 
and often excrete substances that inhibit or stimulate other biotic components of the 
ecosystem. 


Explanation 


One of the universal features of all ecosystems—whether terrestrial, freshwater, 
marine, or human-engineered (for example, agricultural)—is the interaction of the 
autotrophic and heterotrophic components. The organisms responsible for the pro- 
cesses are partially separated in space; the greatest autotrophic metabolism occurs in 
the upper “green belt” stratum, where light energy is available. The most intensive 
heterotrophic metabolism occurs in the lower “brown belt,” where organic matter ac- 
cumulates in soils and sediments. Also, the basic functions are partially separated in 
time, as there may be a considerable delay in the heterotrophic use of the products of 
autotrophic organisms. For example, photosynthesis predominates in the canopy of 
a forest ecosystem. Only a part, often only a small part, of the photosynthate is im- 
mediately and directly used by the plant and by herbivores and parasites that feed on 
foliage and other actively growing plant tissue. Much of the synthesized material 
(leaves, wood, and stored food in seeds and roots) escapes immediate consumption 
and eventually reaches the litter and soil (or the equivalent sediments in aquatic eco- 
systems), which together constitute a well-defined heterotrophic system. Weeks. 
months, or years (or many millennia, in the case of the fossil fuels now being rapidly 
consumed by human societies) may pass before all the accumulated organic matter 
is used. 

The term organic detritus (product of disintegration, from the Latin deterere, “to 
wear away”) is borrowed from geology, in which it is traditionally used to designate 
the products of rock disintegration. As used in this book, detritus refers to all the or- 
ganic matter involved in the decomposition of dead organisms. Detritus seems the 
most suitable of many terms that have been suggested to designate this important link 
between the living and the inorganic world. Environmental chemists use a shorthand 
designation for two physically different products of decomposition as follows: POM 
is particulate organic matter; DOM is dissolved organic matter. The role of POM and 
DOM in food chains is reviewed in detail in Chapter 3. We can also add volatile or- 
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Abiotic components that limit and control organisms are discussed in i hapter 5, 
the role of organisms in controlling the abiouc environment is considered later in this 
chapter. As a general principle, from the operational standpoint, the living and non- 
living parts of ecosystems are so interwoven into the fabric of nature that it is difficult 
to separate them: hence, operational or functional classifications do not sharply dis- 
tinguish between biotic and abiotic. 

Most of the vital elements (such as carbon, nitrogen, and phosphorus) and or- 
ganic compounds (such as carbohydrates, proteins, and lipids) are not only found in- 
side and outside of living organisms but are also in a constant state of flux or turnover 
between living and nonliving states. Some substances, however, appear to be unique 
to one or the other state. The high-energy storage compound ATP (adenosine triphos- 
phate), for example, is found only inside living cells (or at least its existence outside 
is very transitory), whereas humic substances, which are resistant end products of 
decomposition, are never found inside cells, yet they are a major and characteristic 
component of all ecosystems. Other key biotic complexes, such as DNA (deoxyribo- 
nucleic acid) and the chlorophylls, occur both inside and outside organisms but be- 
come nonfunctional when outside the cell. 

The ecological classification (producers, phagotrophs, decomposers) is one of 
function rather than of species as such. Some species occupy intermediate positions, 
and others can shift their mode of nutrition according to environmental circum- 
stances. The separation of heterotrophs into large and small consumers is arbitrary 
but justified in practice because of the very different methods of study required. The 
heterotrophic microconsumers (bacteria, fungi, and others) are relatively immobile 
(usually embedded in the medium being decomposed), are very small, and have high 
rates of metabolism and turnover. Their functional specialization is more evident bio- 
chemically than morphologically, consequently, one cannot usually determine their 
role in the ecosystem by such direct methods as visual observation or counting their 
numbers. Organisms designated as macroconsumers obtain their energy by hetero- 
trophic ingestion of particulate organic matter. These are largely “animals” in the 
broad sense. These higher forms tend to be morphologically adapted for active food 
seeking or herbivory, with the development of complex sensory-neuromotor, diges- 
tive, respiratory, and circulatory systems in the higher forms. The microconsumers, 
or saprotrophs, have been typically designated as decomposers However, it seems 
preferable not to designate any particular organisms as decomposers but to consider 
decomposition as a process involving all of the biota and abiotic processes as well. 

We recommend that students of ecology read Aldo Leopold's “The Land Ethic” 
(first published in. 1933, and in 1949 included in his best-seller, A Sand County Al- 
manac: And Sketches Here and There), an eloquent, often quoted and reprinted essay 
on environmental ethics that has special relevance to the ecosystem concept (more 
recent critiques of “The Land Ethic” are provided by Callicott and Freyfogle 1999, 
A. C. Leopold 2004). We also recommend reading Man and Nature by the Vermont 
prophet George Perkins Marsh, who analyzed the causes of the decline of ancient civ- 
ilizations and forecast a similar doom for modern ones unless an “ecosystematic” view 
of the world is taken. B. L. Turner (1990) edited a book that reiterates this theme in 
a review of Earth as transformed by human action over the past 300 years. From 
another viewpoint, Goldsmith (1996) argued the need for a major paradigm shift 
from reductionist science and consumption economics to an ecosystem worldview 





24 a n The Ecosystem 





ectally ie 





019991 eviews 





sold philosophy 


LEET, AA 


3 Gradients and Ecotones 


Statement 


The biosphere is characterized by a series of gradients, or zonation, of physical fac- 
tors. Examples are temperature gradients from the Arctic or Antarctic to the Tropics 
and from mountaintop to valley; moisture gradients from wet to dry along major 
weather systems; and depth gradients from shore to bottom in bodies of water. En- 
vironmental conditions, including the organisms adapted to these conditions, change 
gradually along a gradient, but often there are points of abrupt change, known as eco- 
tones. An ecotone is created by the juxtaposition of different habitats, or ecosystem types. 
The concept assumes the existence of active interaction between two or more eco- 
systems (or patches within ecosystems), which results in the ecotone having proper- 
ties that do not exist in either of the adjacent ecosystems (Naiman and Décamps 
1990). 


Explanation and Examples 


Four examples of physical factor zonation as related to biotic communities are shown 
in Figure 2-3. On land biomes, zonation can often be identified and mapped by in- 
digenous vegetation that is more or less in equilibrium with the regional climate 
(Fig. 2-3A). In large bodies of water (lakes, oceans) where green plants are small 
and not a conspicuous visual presence, zonation is best based on physical or geo- 
morphological features (Fig. 2-3B). Zonation based on productivity and respiration 
or thermal stratification of a pond (Figs. 2-3C and D) will be discussed later in this 
chapter., 

An example of an ecotone as an interface zone with unique properties and spe- 
cies is a sea beach, where alternate flooding and drying tidal action is a unique fea- 
ture and where there are numerous kinds of organisms that are not found either on 
land or in the open sea. Estuaries landward to the beaches are other examples, as are 
prairie-forest zones. In addition to external processes such as tides causing disconti- 
nuities in gradients, internal processes such as sediment traps, root mats, special soil- 
water conditions, inhibitory chemicals, or animal activity (for instance, dam build- 
ing by beavers) may maintain an ecotone distinct from bordering communities. In 
addition to unique species, terrestrial ecotones sometimes are populated by more- 
species (increased biotic diversity) than can be found in the interior of the adjoining, 
more homogenous communities. When it comes to game animals and birds, wildlife 
managers speak of this as the edge effect and often recommend special plantings be- 
tween field and forest, for example, to increase the numbers of these animals. Species 
that inhabit these edge habitats are frequently referred to as edge species. However. a 
sharp edge, such as that between a clear-cut and an uncut forest, may be a poor habitat, 
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Figure 2-3. (A) Vegetation-based zonation in the mountains of western North America (zone 
information from Daubenmire 1966). (B) Horizontal and vertical zonation in the sea (diagram 
based on Heezen et al. 1959). (C) Metabolic zonation of a pond based on productivity (P) and 
: respiration (R; community maintenance). (D) Zonation of a pond based on thermal (heat) strat- 
i ification during the summer months in the midwestern United States. (continued) 








26 Hic tics Phe Ecosystem 


ada on 
£ ^% 


fe? ‘ 
A F $ 
re. T 3 


Littoral ———-—> i 














Limnetic (P/R > 1) 


Profundal (PIR < 1) 


Compensation 
depth (PIR = 1) 


a—— Benthic 


Epilimnion 


Thermocline 


Hypolimnion 





a— Benthic 








Figure 2-3. (continued) 


and the large amount of edge in a fragmented, domesticated landscape usually re- 
duces diversity. As we will see later, humans tend to fragment the landscape into 
blocks and strips with sharp edges, thus more or less doing away with natural gradi- 
ents and ecotones. Janzen (1987) spoke of this tendency as “landscape sharpening.” 


4 Examples of Ecosystems 


One way to begin studying ecology is to study a small pond and an old field, where 
the basic features of ecosystems can be conveniently examined, and the nature of 
aquatic and terrestrial ecosystems can be contrasted. A small pond or an old field is 
ideal to organize an ecosystem-level field study for an undergraduate class laboratory/ 
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A Pond and an Oid Field 


The inseparability of living organisms and the nonliving environment is at once ap- 
parent with the first sample collected. Plants, animals, and microorganisms not only 
live in the pond and the old field (or grassland), but they also modify the chemical 
nature of the water, soil, and air that compose the physical environment. Thus, a 
bottle of pond water or a scoopful of bottom mud or meadow soil is a mixture of 
living organisms—both plant and animal—and inorganic and organic compounds. 
Some of the larger animals and plants can be separated from the sample for study by 
counting, but it would be difficult to completely separate the myriad of small living 
things from the nonliving matrix without changing the character of the water or soil. 
True, one could autoclave the sample of water, bottom mud, or soil so that only non- 
living material remained, but this residue would then no longer be pond water or old- 
field soil; it would have entirely different appearances, characteristics, and functions. 

The basic components of an aquatic and a terrestrial ecosystem are discussed next. 


Abiotic Substances 


Abiotic substances include inorganic and organic compounds, such as water, carbon 
dioxide, oxygen, calcium, nitrogen, sulfur, and phosphorus salts, amino and humic 
acids, and others. A small portion of the vital nutrients is in solution and immediately 
available to organisms, but a much larger portion is held in reserve (the “storage” S 
shown in the functional diagram of Figure 2-2) in particulate matter as well as in the 
organisms themselves. In a New Hampshire forest, for example, about 90 percent of 
nitrogen is stored in soil organic matter, 9.5 percent is in biomass (wood, roots, 
leaves), and only about 0.5 percent is in a soluble, quickly available form in soil wa- 
ter (Bormann et al. 1977). 

The rate of release of nutrients from the solids, the solar input, and changes in 
temperature, day length, and other climatic conditions are the most important pro- 
cesses that regulate the rate of function of the entire ecosystem on a daily basis. 

To fully assess the chemistry of the environment, extensive laboratory analysis of 
samples is necessary. For example, the relative acidity or alkalinity, as indicated by 
pH or hydrogen ion concentration, often determines what kinds of organisms are 
present. Acidic soils and waters (pH less than 7) are usually characteristic of regions 
underlain with igneous and metamorphic rocks; “hard” or alkaline waters and soils 
occur most frequently in regions with limestone and related substrates. 


Producer Organisms 


In a pond, the producers may be of two main types: (1) rooted or large floating plants 
(macrophytes) generally growing in shallow water; and (2) minute floating plants, 
usually algae or green bacteria or protozoa, called phytoplankton (from phyto = 
“plant”; plankton = “floating”), distributed throughout the pond as deep as light 
penetrates. An abundance of phytoplankton gives the water a greenish color; other; 
wise, these producers are not visible, and their presence is not suspected by the ca- 
sual observer. Yet in large, deep ponds and lakes (and in the oceans), phytoplankton 
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such as algae, mosses. and lichens also occur on soil, rocks, and stems of plants 
Where these substrates are moist and exposed to light, these microproducers may 
contribute substantially to organic production. 


Consumer Organisms 


The primary macroconsumers or herbivores feed directly on living plants or plant 
parts. Hereafter, these herbivores will also be termed primary (first-order) con- 
sumers. In the pond, there are two types of microconsumers, zooplankton (animal 
plankton) and benthos (bottom forms), paralleling the two types of producers. Her- 
bivores in the grassland or old field also come in two sizes, the small, plant-feeding 
insects and other invertebrates and the large, grazing rodents and hoofed mammals. 
The secondary (second-order) consumers or carnivores, such as predaceous in- 
sects and game fish (nekton; that is, free-swimming aquatic organisms that are able 
to move about at will through the water) in the pond, and predatory insects, spiders, 
birds, and mammals in the grassland feed on the primary consumers or on other sec- 
ondary consumers (thus making them tertiary consumers). Another important type 
of consumer is the detritivore, which subsists on the “rain” of organic detritus from 
autotrophic layers above and, along with herbivores, provides food for carnivores. 
Many detritivorous animals (such as earthworms) obtain much of their food energy 
by digesting the microorganisms that colonize detritus particles. _ 


Decomposer Organisms 


The nongreen bacteria, flagellates, and fungi are distributed throughout the eco- 
system, but they are especially abundant in the mud-water interface of the pond and 
in the litter-soil junction of the grassland or old-field ecosystem. Although a few of 
the bacteria and fungi are pathogenic, in that they will attack living organisms and 
cause disease, the majority attack only after the organism dies. Important groups of 
microorganisms also form mutually beneficial associations with plants, even to the 
extent of becoming an integral part of roots and other plant structures (see Chapter 
7). When temperature and moisture conditions are favorable, the first stages of de- 
composition occur rapidly. Dead organisms do not retain their integrity for very long 
but are soon broken up by the combined action of detritus-feeding microorganisms 
and physical processes. Some of their nutrients are released for reuse. The resistant 
fraction of detritus, such as cellulose, lignin (wood), and humus, endures and im- 
parts a spongy texture to soil and sediments that contributes to a quality habitat for 
plant roots and many tiny invertebrates. Some of the latter convert atmospheric ni- 
trogen to forms usable by plants (nitrogen fixation; see Chapter 4) or perform other 
processes for their own benefit but also for the enhancement of the whole ecosystem. 


Measuring Community Metabolism 


The partial stratification into an upper production zone and a lower decomposition / 
nutrient regeneration zone can be illustrated by measuring diurnal oxygen changes 
in the water column of a pond. A “light-and-dark bottle” technique may be used to 
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measure the metabolism ot the whole aquatic coramunny samples of water irom dit- 
ferent depths are placed in paired bottles; one (the dark bottle) is covered with black 
tape or aluminum foil to exclude all light. Before the string of paired bottles is low- 
ered into place in the water column, the original oxygen concentration of the water 
at the selected depths is determined, either by a chemical method or, much more eas- 
ily, with the use of an electronic oxygen probe. After 24 hours, the string of bottles is 
removed, and the oxygen concentration in each bottle is determined and compared 
with the original concentration. The decline of oxygen in the dark bottle indicates the 
amount of respiration by producers and consumers (the total community) in the wa- 
ter, whereas the change of oxygen in the light bottle reflects the net result of oxygen 
consumed by respiration and oxygen produced by photosynthesis. Adding dark 
bottle respiration, R, and light bottle net production, P, together gives an estimate of 
the total or gross photosynthesis (gross primary production) for the time period, pro- 
viding that both bottles had the same oxygen concentration to begin with. 

With a light-and-dark bottle experiment in a shallow, fertile pond on a warm, 
sunny day, one might expect an excess of photosynthesis over respiration in the top 
2 or 3 meters, as indicated by a rise in the oxygen concentration in the light bottles. 
This top area of a pond, where production is greater than respiration (P/R > 1), is 
termed the limnetic zone (Fig. 2-3C). Below 3 meters, the light intensity in a fer- 
tile pond is usually too low for photosynthesis, so only respiration occurs in the bot- 
tom waters. This bottom area of a pond, where respiration is greater than produc- 
tion (P/R < 1), is termed the profundal zone. The point in a light gradient at which 
plants can just balance food production and use (zero change in light bottle) is called 
the compensation depth and marks a convenient functional. boundary between the 
autotrophic stratum and the heterotrophic stratum where P/R = 1 (Fig. 2-30). 

A daily production of 5 to 10 g O,/m’ (5-10 ppm) of excess oxygen production 
over respiration would indicate a healthy condition for the ecosystem, because excess 
food is being produced that becomes available to bottom organisms, and to all the or- 
ganisms when light and temperature are not so favorable. If the hypothetical pond is 
polluted with organic matter, O, consumption (respiration) would greatly exceed O, 
production, resulting in oxygen depletion. Should the imbalance continue, eventu- 
ally anaerobic (without oxygen) conditions would prevail, which would eliminate 
fish and most other animals. For most free-swimming organisms (nekton), such as 
fish, concentrations of oxygen less than 4 ppm cause detrimental effects on their 
health. In assaying the “health” of a body of water, we need not only to measure the 
oxygen concentration as a condition for existence but also to determine the rates of 
change and the balance between production and use in the diurnal and annual cycle. 
Monitoring oxygen concentrations, then, conveniently allows one to “feel the pulse” 
of the aquatic ecosystem. Measuring the biochemical oxygen demand (BOD) of water 
samples incubated in the laboratory is another standard method of pollution assay, 
but it does not measure the community rate of metabolism. 

The community metabolism of flowing waters, such as a stream, can be estimated 
from diurnal upstream-downstream oxygen changes in much the same way as with 
the light-and-dark-bottle method. Nighttime change would be equivalent to the 
“dark” bottle, whereas 24-hour change would correspond to the “light” bottle. Other 
methods for measuring the metabolism of ecosystems are discussed in Chapter 3. 

Although aquatic and terrestrial ecosystems have the same basic structure and 
similar functions, the biotic composition and size of their trophic components differ, 
as summarized in Table 2-1. The most striking contrast, as already noted..is in the 
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Table 2-1 


Comparison of density (numbers/m?) and biomass (grams dry weight/m?) of organisms 
in aquatic and terrestrial ecosystems of comparable, moderate productivity 
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Pond l . Meadow or old field 
Ecological g dry g dry 
component Assemblage No./m? wi/m? Assemblage No./m? wt./m? 
Producers Phytoplanktonic 10°~10"° 5.0 Herbaceous 107-108 500.0 
algae angiosperms 
(grasses and 
forbs) 
Consumers in Zooplanktonic 10°-107 0.5 Insects and 10°-10° 1.0 
the autotrophic crustaceans spiders 
layer and rotifers 
Consumers in the Benthic insects, 105-108 4.0 Soil arthropods, 10-108 4.0 
heterotrophic layer mollusks, and annelids, and 
crustaceans* nematodes* 
Large consumers Fish 0.1-0.5 15.0 Birds and 0.01-0.03 0.3*-15.08 
mammals 
Microorganism Bacteria and 10°°-10'4 1-10** Bacteria and 104-10" 10-100.0** 
consumers fungi fungi 
(saprophages) 


EE a aa SE ESP MC TESTI 
“Including animals down to the size of ostracods. 


"Including animals down to the size of small nematodes and soil mites. 
‘Including only small birds (passerines) and small mammals (rodents, shrews). 
SIncluding two or three large herbivorous mammals per hectare. 

** Biomass based on the approximation of 10°? bacteria = 1 gram dry weight. 


size of the green plants. The autotrophs of land tend to be fewer but very much big- 
ger, both as individuals and in biomass per unit area (Table 2-1). The contrast is es- 
pecially impressive when one compares the open ocean, where phytoplankton are 
even smaller than in a pond, and the rain forest with its huge trees. Shallow-water 
communities (edges of ponds, lakes, oceans, and marshes), grasslands, and deserts 
are intermediate between these extremes. 

Terrestrial autotrophs (producers) must invest a large part of their productive en- 
ergy in supporting tissue, because the density (and hence the supporting capacity) of 
air is much lower than that of water. This supporting tissue has a high content of cel- 
lulose (a polysaccharide) and lignin (wood) and requires little energy for mainte- 
nance because it is resistant to most consumers. Accordingly, plants on land contrib- 
ute more to the structural matrix of the ecosystem than do plants in water, and the 
rate of metabolism per unit volume or weight of land plants is correspondingly much 
lower; for this reason, the rate of replacement or turnover differs. 

Turnover may be broadly defined as the ratio of throughput to content. Turnover 
car be conveniently expressed either as a rate fraction or as a “turnover time,” which 
is the reciprocal of the rate fraction. Consider the productive energy flow as the 
throughput, and the standing crop biomass (grams dry weight/m* in Table 2-1) as 
the content. If we assume that the pond and the meadow have a comparable gross 
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photosynthetic rave ofS gem oe day “othe paces anu for rhe pormi would be 3/5 
or |, and the turnover time would be one day in contrast. the turnover rate for the 
meadow would be 5/500, or 0.01, and the turriove: ume would be 100 days. Thus. 
the tiny plants in the pond may replace themselves in a day when the pond metabo- 
_lism is at its peak, whereas land plants are much longer-lived and turn over much 
more slowly (perhaps 100 years for a large forest). In Chapter 4, the concept of 
turnover will be especially useful for calculating the exchange of nutrients between 
organisms and environment. 

In both land and aquatic ecosystems, a large part of the solar energy is dissipated 
in the evaporation of water, and only a small part, generally less than 1 percent, is 
fixed by photosynthesis on an annual basis. However, the role of this evaporation in 
moving nutrients and in maintaining temperatures differs between terrestrial and 
aquatic ecosystems. For every gram of CO, fixed in a grassland or forest ecosystem, 
as much as 100 grams of water must be moved from the soil, through the plant tis- 
sues, and transpired (evaporated from plant surfaces). No such massive use of water 
is associated with the production of phytoplankton or other submerged plants. 


The Watershed Concept 


Although the biological components of the pond and the meadow seem self-contained, 
they are actually open systems that are parts of larger watershed systems. Their func- 
tion and relative stability over the years are very much determined by the rate of in- 
flow or outflow of water, materials, and organisms from other parts of the watershed 
A net inflow of materials often occurs when bodies of water are small, when outflow 
is restricted, or when sewage or industrial wastes are added. In such a case, the pond 
fills up and becomes a swamp, which may be maintained by periodic drawdowns or 
fires that remove some of the accumulated organic matter. Otherwise, the body of 
water becomes a terrestrial environment. 

The phrase cultural eutrophication (“cultural enrichment”) is used to denote 
organic pollution resulting from human activities. Not only do soil erosion and loss 
of nutrients from a disturbed forest or poorly managed cultivated field impoverish 
these ecosystems, but such outflows will likely have “downstream” eutrophic or other 
impacts. Therefore, the whole drainage basin—-not just the body of water or patch of veg- 
etation—must be considered as the minimum ecosystem unit when it comes to human 
understanding and resource management. The ecosystem unit for practical manage- 
ment must then include for every square meter or hectare (= 2.47] acres) of water 
at least 20 times its area of terrestrial watershed. Naturally, the ratio of water surface 
to watershed area varies widely and depends on rainfall, geological structure of un- 
derlying rocks, and topography. In other words, fields, forests, bodies of water, and 
towns linked together by a stream or river system, or in limestone country by an un- 
derground drainage network, interact as an integrative unit for both study and man- 
agement. This integrative unit, or catchment basin, termed a watershed, is also de- 
fined as the area of the terrestrial environment that is drained by a particular stream 
or river. Likens and Bormann (1995) explain the development of the small water- 
shed technique to measure the input and output of chemicals from individual catch- 
ment areas in the landscape (more will be discussed regarding the cycling and reten- 
tion of these chemicals in Chapter 4). For a picture of a watershed manipulated and 
monitored for experimental study, see Figure 2-4. 

The watershed concept helps put many of our problems and conflicts in per- 
spective. For example, the cause of and the solutions for water pollution are not to be 
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Courtesy nf the U S Forest Service 


Courtesy of Wayne T. Swank 


Figure 2-4. (A) Experimental clear-cut watershed at the Coweeta Hydrologic Laboratory in 
the mountains near Otto, North Carolina-the site of a National Science Foundation-sponsored 
Long-Term Experimental Research (LTER) program. All trees were cleared from the watershed 
in 1977 (center of the photograph) and recovery processes have been monitored over the last 
27 years. (B) Photograph showing the V-notch weir and recording equipment used to measure 
the amount of water flowing out of each watershed. 


found by looking only at the water, usually, incompetent management in the water- 
shed (such as the conventional agricultural practices that result in fertilizer runoff) is 
what destroys water resources.. The entire drainage or catchment basin must be con- 
sidered as the unit of management. The Everglades National Park, located in South 
Florida, provides an example of this need to consider the whole drainage basin. Al- 
though large in area, the park does not now include the source of freshwater that 
must drain southward into the park if it is to retain its unique ecology. In other 
words, the park does not include the whole watershed. Recent efforts to restore the 
Everglades are focusing on restoring and cleaning up the freshwater inflow that has 
been diverted to agriculture and to the urbanized Gold Coast of Florida (Ledge 
1994). For more on the coupling of land and water ecosystems, see Likens and Bor- 
mann (1974b, 1995) and Likens (200]a). 














Agroecosystems 


Agroecosystems (short for agricultural ecosystems : dilter from natural or semunarura! 
solar-powered ecosystems, such as lakes and forests. in three basic ways. (1) the aux: 
iliary energy that augments or subsidizes the solar energy input is under the control 
of humankind and consists of human and animal labor, fertilizers, pesticides, irriga- 
tion water, fuel-powered machinery, and so on; (2) the diversity of organisms and 
crops is greatly reduced (again by human management) to maximize yield of specific 
food crops or other products; and (3) the dominant plants and animals are under 
artificial selection rather than natural selection. In other words, agroecosystems are 
designed and managed to channel as much conversion of solar energy and energy 
subsidies as possible into edible or other marketable products by a twofold process: 
(1) by employing auxiliary energy to do maintenance work that in natural systems 
would be accomplished by solar energy, thus allowing more solar energy to be con- 
verted directly into food; and (2) by genetic selection of food plants and domestic an- 
imals to optimize yield in the specialized, energy-subsidized environment. As in all 
intensive and specialized land use, there are costs as well as benefits, including soil 
erosion, pollution from pesticide and fertilizer runoff, high cost of fuel subsidies, re- 
duced biodiversity, and increased vulnerability to weather changes and pests. 

Approximately 10 percent of the world’s ice-free land area is cropland, converted 
mostly from natural grasslands and forests, but also from deserts and wetlands. An- 
other 20 percent of the land area is pasture, designed for animal rather than plant 
production. Thus, about 30 percent of the terrestrial surface is devoted to agriculture 
in the broadest sense. Recent comprehensive analyses of the world food situation em- 
phasize that all the best land (that is, the land most easily farmed by existing tech- 
nology) is now in use. Recent agricultural practice has switched from conventional 
agricultural practice, with emphasis on crop yield based on increased subsidies to 
alternative (or sustainable) agriculture, with emphasis on low-input. sustainable ag- 
riculture, decreased soil erosion, and increased biodiversity (see National Research 
Council [NRC] 1989). 

At the risk of oversimplifying, one can divide agroecosystems into three broad 
types (see Fig. 2-5 for models): 


l. Pre-industrial agriculture—self-sufficient and labor intensive (human and ani- 
mal labor provide the energy subsidy)— provides food for farmer and family and 
for sale or barter in local markets, but does not produce a large surplus for export 
(Fig. 2-5A). 


2. Intensive mechanized, fuel-subsidized agriculture, termed conventional or in- 
dustrial agriculture (machines and chemicals provide the energy subsidy), 
produces food exceeding local needs for export and trade, thus making food a 
commodity and a major market force in the economy rather than providing only 
life-support goods and services (Fig. 2-5B). 


3. Lower-input sustainable agricultute (LISA), frequently termed alternative agri- 
culture (NRC 1989), places emphasis on sustaining crop yields and profits while 
reducing inputs of fossil fuels, pesticides, and fertilizer subsidies (Fig. 2-5C). 


About 60 percent of the world’s croplands are in the pre-industrial category, a large 
proportion of them in the less developed countries of Asia, Africa, and South Amer- 
ica that have large human populations. A great variety of types have been adapted to 
soil, water, and climate conditions, but for the purposes of general discussion, three 
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Figure 2-5A-B. (A) Diagram depicting a natural, unsubsidized, solar-powered pre-industrial 
agroecosystem (after Barrett et al. 1990). (B) Diagram depicting a human-subsidized, solar- 
powered industrial agroecosystem (after Barrett et al. 1990) 
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Figure 2-5C-E. (C) Example of a low-input, sustainable agroecosystem. (D) Example of 
conventional tillage (plowing) in lowa. This field will also be cultivated with a disk harrow sev- 
eral times before planting, resulting in extensive soil loss due to wind and rainfall erosion. (E) Ex- 
ample of conservation tillage in lowa. Soybeans have been no-till planted in the mulched resi- 
due of last year's corn crop without the need for plowing. 








Courtesy of Soil Conservation Service 
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History of the development of intensive agriculture 
in the Midwestern United States 
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Period Type of agriculture 





1833-1934 About 90 percent of prairie, 75 percent of wetlands, and most for- 
est land on good soils converted to cropland and pastures, leaving 
natural vegetation restricted largely to steep land and shallow, infer- 
tile soils. 


1934-1961 Intensification of farming associated with fuel and chemical subsi- 
dies, mechanization, and increase in crop specialization. Total crop- 
land acreage decreased and forest cover increased 10 percent as 
more food was harvested on fewer acres. 


1961-1980 Increase in energy subsidy, size of farm, and farming intensity on 
best soils, with emphasis on continuous culture of grain and soy- 
bean cash crops (with a decrease in crop rotation and fallowing). 
Much grain grown for export trade. Increasing losses of farmland to 
urbanization and soil erosion. Also decline in water quality due to 
excessive fertilizer and pesticide runoff. 


1980-2000 Increase in energy efficiency, use of crop residues for mulch and 
silage, multiple cropping, lower-input sustainable agriculture, eco- 
logically based control of pests, and farming practices that con- 
serve soil, water, and expensive fuels and reduce air and water 
pollution. Special carbohydrate crops developed for fuel alcohol 
production. 





Source: Data for 1980-2000 based on NRC (1989, 1996a, 2000b). 


types predominate: (1) pastoral systems; (2) shifting or swidden (slash-and-burn) 
agriculture; and (3) flood-irrigated and other nonmechanized systems. 

Pastoralism involves herding cattle or other domestic animals in arid and semi- 
arid regions (especially the savanna and grassland regions of Africa), with people sub- 
sisting on livestock products such as milk, meat, and hides. Shifting agriculture, 
once practiced throughout the world, is still widely practiced in forested areas of the 
Tropics. After patches of forest have been cut and the debris burned (or sometimes 
left lying on the ground as mulch), crops are cultivated for a few years until the nu- 
trients are used up and leached out of the soil. Then the site is abandoned, to be re- 
juvenated by natural regrowth of the forest. Permanent, nonmechanized agriculture 
has persisted for centuries in Southeast Asia and elsewhere, feeding millions of people. 
The most productive of the agroecosystems are subsidized by flood irrigation, either 
naturally by seasonal floods along rivers and in fertile deltas or by artificially con- 
trolled flooding, as in the ancient, canal-irrigated paddy rice culture. 

Pre-industrial systems, however—even well-adapted, permanent, and energy- 
efficient ones—do not produce enough surplus food to feed huge cities. In the past, 
mechanized agriculture capitalized on the availability of relatively inexpensive fuel, 
fertilizers, and agricultural chemicals (both of which require large amounts of fuel to 
make), and, of course, advanced technology, not only on the farm but in genetics, 
food processing, and marketing. In an incredibly short time (relative to the long. 
sweep of agricultural history), farming in the United States (Table 2-2) and other in- 
dustrialized countries changed from small farms, with a large percentage of people 
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provided a resplle trons 
the desperate race between human population growth and food production The 
race, however, threatens to become grim, as the cost of the subsidies rises and as 
more and more countries, no longer able to feed themselves, are forced to import 
from countries, such as the United States, that have a surplus to export. Figure 2-5D 
shows a field located in Iowa being cultivated by plow, with large equipment typical 
of conventional agricultural practice. This field will also be cultivated by disk harrow 
several times before planting, resulting in extensive loss of soil due to wind and rain- 
fall erosion. Figure 2-5E, on the other hand, illustrates conservation tillage. which 
greatly reduces soil erosion, promotes increased soi! biotic diversity. and enhances 
nutrient (detritus) recycling. 

Whereas the number of farmers in the developed world has declined draman- 
cally, the number of farm animals has not, and the intensity of production of animal 
products has increased, paralleling that of crops. Thus, grain-fed beef has replaced 
grass-fed beef, and chickens are bred and managed as egg- and meat-producing ma- 
chines, encased in wire cages under artificial light, and plied with growth-promoting 
food mixtures and drugs. In the United States, most of the corn crop (and other 
grains and soybeans) is fed to domestic animals, which in turn feed —and perhaps 
overfeed—the affluent of the world (see special issuc of Science, 7 February 2003. en- 
titled “Obesity,” for details). 

When thinking about population pressure (now more than 6 billion humans on 
the environment and resources, one should not forget that not only are there mans 
more domestic animals than people worldwide, but these animals alse consume 
about five times more calories than do people. That is, the biomass of domestic anı- 
mals (bovinity, equinity, swine, sheep, poultry) is about five times that of humans in 
population equivalents, a quantity based on the number of calories consumed by 
the average human. This does not include pets, which also consume a large amount 
of food. 

In summary, industrial agriculture has greatly increased the yield of food and 
fiber per unit of land. This is the bright side of technology, but there are two dark 
sides: (1) many small farms go out of business worldwide, and these families gravi- 
tate toward cities, where they become consumers rather than producers of food. and 
(2) industrial agriculture has greatly increased nonpoint pollution and soil loss To 
counteract the latter, a new technology called low-input sustainable agriculture 
(LISA) is coming into increasing use (Figs. 2-5C and E). For more on agroecosystem 
ecology, see Edwards et al. (1990), Barrett (1992), Soule and Piper (1992), W. W. 
Collins and Qualset (1999), Ekbom et al. (2000}, NRC (2000a), Gliessman (2001), 
and Ryszkowski (2002). 
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Ecosystem Diversity 


Statement 


Ecosystem diversity may be defined as the genetic diversity, species diversity, hab- 
itat diversity, and the diversity of functional processes that maintain complex sys- 
tems. It is useful to recognize two components of diversity: (1) the richness or vari- 
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isueh as species, genetic varienes, land-use categories. and Geshe oneal processes? 
per ural of space, and (7) the relative abundance or apportionment component ot 
individual units among the different kinds. The maintenance of moderate to high di- 
versity is important not only to ensure that all key functional niches are operating, 
but especially to maintain redundancy and resilience in the ecosystem—in other 
words, to hedge against stressful times (such as storms, fires, diseases, or tempera- 


ture changes) that occur sooner or later. 


Explanation 


The reason it is important to consider the relative abundance as well as the richness 
component is that two ecosystems can have the same richness but be very different 
because the apportionment of the kinds is different. For example, the communities 
in two different ecosystems might each have 10 species, but one community might 
have about the same number of individuals (say, 10 individuals) in each species (high 
evenness), whereas most of the individuals in the other community might belong to 
just one dominant species (low evenness). Most natural landscapes have a moderate 
evenness, with a few common (dominant) species for each trophic level or taxo- 
nomic group, and numerous rare species. In general, human activities directly or in- 
directly increase dominance and reduce evenness and variety. 

Hanski (1982) called attention to the association between distribution and abun- 
dance. He proposed the core-satellite species hypothesis to explain this relation- 
ship, noting that core species are common and widespread in distribution, whereas 
satellite species are rare and local in distribution. According to this hypothesis, the 
frequency distribution of range sizes should have one peak for core species occupy- 
ing large areas and a second peak for the satellite species occupying small ranges. 
Some data do show such a bimodal distribution of range sizes (Gotelli and Simber- 
loff 1987), but most data are not consistent with the core-satellite hypothesis (Nee 
et al. 1991). 

Diversity can be quantified and compared statistically in two basic ways: (1) by 
calculating diversity indices based on the ratio of parts to the whole, or n/N, where 
n; is the number or percentage of importance values (such as numbers, biomass, basal 
area, productivity) and N is the total of all importance values; and (2) by plotting 
semi-log graphic profiles, called dominance-diversity curves, in which the number 
or percentage of each component is plotted in sequence, from most abundant to least 
abundant. The steeper the curve, the lower the diversity. 


Examples 


Species or biotic diversity may be divided into the richness and apportionment com- 
ponents (Fig. 2-6A). The total number of species per unit area (m? or hectare) and the 
Margalef diversity index are two simple equations used to compute species richness. 
The Shannon index, H (Shannon and Weaver 1949), and the Pielou evenness index, e 
(Pielou 1966), are two indices frequently used to compute species apportionment. 

Species structure and use of diversity indices are illustrated by the comparison of 
an ungrazed tallgrass prairie and a cultivated, fertilized, but not herbicided millet 
field (Tables 2-3 and 2-4). The pattern of a few common and many relatively rare spe- 











Table 2-3 








Species structure comparison of the vegetation of 
a natural grassland (A) and a cultivated grain field (B) 





(A) Species structure of the vegetation of an ungrazed tall-grass prairie 
in Oklahoma 











Species Percentage of stand* 
Sorghastrum nutans (Indian grass) 24 
Panicum virgatum (Switch grass) 12 
Andropogon gerardii (Big bluestem) 9 
Silphium laciniatum (Compass plant) 9 


Desmanthus illinoensis (Prickleweed) 6 
Bouteloua curtipendula (Side-oats grama) 6 
Andropogon scoparius (Little bluestem) 6 
Helianthus maximiliana (Wild sunflower) 6 
Schrankia nuttallii (Sensitive plant) 6 
20 additional species (average 0.8 percent each) 16 
Total 100 





Source: Rice 1952, based on forty 1 m° quadrat samples. 


(B) Species structure of the vegetation of a cultivated millet field in Georgia 








Species Percentage of stand! 
Panicum ramosum (Brown-topped millet) 93 
Cyperus rotundus (Nut sedge) 5 
Amaranthus hybridus (Pigweed) 1 

Digitaria sanguinalis (Crabgrass) 0.5 
Cassia fasciculata (Sicklepod) 0.2 

6 additional species (average 0.05 percent each) 0.3 

Total . 100.0 





Source: Barrett 1968, based on twenty 0.25 m? quadrat samples taken in late July. 


*In terms of percentage cover of the total of 34 percent area coverage of soil surface by 


` the vegetation. 


tin terms of percentage dry weight of aboveground plant biomass 


cies in the tallgrass prairie (Table 2-3A) is typical of most natural plant communities. 
Such a high diversity is in sharp contrast to the dominance of one species in the cul- 
tivated crop field. If no herbicides or other weed control procedures are used, there 
will likely be some weedy species in the stand (Table 2-3B). 

Two widely used apportionment indices are calculated for these two ecosystems 
(Table 2-4). The Simpson index involves summing the square of each n,/N probabil- 
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Table 2-4 Comparison of species variety, dominance, and diversity in 
the vegetation of a natural prairie and a cultivated millet fieid 








Dominance 
Number (Simpson Diversity 
Habitat of species index) (Shannon index) 
Natural prairie 29 0.13 0.83 
Cultivated millet field 11 0.89 0.06 





Source: Based on data from Table 2-3. 


ity ratio. The Simpson index ranges from 0 to 1, with high values indicating strong 
dominance and low diversity. The Shannon index, H, involves log transformations as 
follows: 


H= -5 P, log P, 


where P; is the proportion of the individuals belonging to the ith species. 

With this index, the higher the value, the greater the diversity. The Shannon in- 
dex is derived from information theory and represents a type of formulation widely 
used in assessing the complexity and information content of all kinds of systems. As 
shown in Table 2-4, the prairie grassland is a low-dominance, high-diversity eco- 
system compared with the crop field. 

Once H is calculated, the evenness, e, can be calculated by dividing the log of 
the number of species by H. The Shannon index is also reasonably independent of 
sample size and is normally distributed, provided that the N values are integers 
(Hutcheson 1970), so routine statistical methods can be used to test for the signifi- 
cance of differences between the means. Biomass or productivity, which is often more 
ecologically appropriate, can be used if the numbers of individuals per species are not 
known. 

The use of diversity profiles is illustrated in Figure 2-6B, which compares tree di- 
versity in four forests in a gradient from temperate mountain to tropical regions. The 
relative importance of each species is plotted in sequence, from most abundant to 
least abundant. The flatter the curve, the greater the diversity. This graphic method 
reveals both the richness and the relative abundance components. Note that the 
number of kinds of trees ranges from less than 10 in the high mountain forest to more 
than 200 in the moist tropical rain forest. Most of the species in the more drverse 
forests are rare—less than 1 percent of the total of importance percentage values 
(biomass or production). 

Between 1940 and 1982, the diversity of crops (one of several land-use tvpes) de- 
clined in rural Central Ohio, even though the number of land-use types remained the 
same (Barrett et al. 1990). As the variety of crops grown declined, crop fields became 
larger, especially for corn and soybean crops, thereby increasing dominance and re- 
ducing overall diversity as measured by the Shannon index (Table 2-5). This is an ex- 
ample where the diversity component changed but the variety component did nox 
change at the landscape scale. 











Figure 2-6. (A) Diagram depict- 
ing equations for measuring species 
richness and species apportionment. 
(B) Comparison of dominance-diversity 
curves for two tropical forests and two 
temperate forests. Importance values 
for the temperate forests are based on 
annual net primary production; impor- 
tance values for the dry forest in Costa 
Rica are from cross-sectional basal area 
values of all stems of a given species; 
importance values in the Amazonian for- 
est are based on above-ground biomass 
(after Hubbell 1979). 
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Source: Data from Barrett et al. 1990. 





& Study of Ecosystems 


Statement 


Ecologists in the past have approached the study of large, complex ecosystems, such 
as lakes and forests, in two ways: (1) the holological (from holos = “whole”) ap- 
proach, in which inputs and outputs are measured, collective and emergent proper- 
ties of the whole are assessed (as discussed in Chapter 1), and then the component 
parts are investigated as needed; and (2) the merological (from meros = “part”) ap- 
proach, in which the major parts are studied first and then integrated into a whole 
system. As neither approach alone gets all the answers, a multilevel approach, in- 
volving alternating “top-down” and “bottom-up” approaches based on hierarchical 
theory, is now coming to the forefront. Experimental modeling and geographic infor- 
mation systems (GIS) techniques are being used more and more to test hypotheses at 
various levels of organization. 


Explanation and Examples 


In his 1964 essay “The Lacustrine Microcosm Reconsidered,” the eminent American 
ecologist G. E. Hutchinson spoke of the 1915 work of E. A. Birge on the heat budget 
of lakes as pioneering the holological approach. Birge concentrated his study on 
measuring the inflows and outflows of energy to and from the lake, rather than fo- 
cusing on what happened in the lake. Hutchinson contrasted this method of study 
with the component or merological approach of Stephen A. Forbes in his classic 1887 
paper “The Lake as a Microcosm,” in which Forbes focused on parts of the system and 
attempted to build up the whole from them. 

Whereas debates among scientists continue to center on just how much of the be- 
havior of complex systems can be explained from the behavior of their parts without 
recourse to higher levels of organization, ecologists contend that the contrasting ho- 
listic (holological) and reductionist (merological) approaches are complementary and 
not antagonistic (see E. P. Odum 1977; Ahl and Allen 1996). Components cannot be 
distinguished if there is no “whole” or “system” to abstract them from, and there can- 
not be a whole unless there are constituent parts. When constituents are strongly cou- 
pled, emergent properties will likely reveal themselves only at the level of the whole. 
Such attributes will be missed if only the merological approach is taken. For further 
discussion of “top-down” and “bottom-up” approaches, see Hunter and Price (1992). 
Power (1992), S. R. Carpenter and Kitchell (1993), and Vanni and Layne (1997). 

Above ail, a given organism may behave quite differently in different systems, and 
this variability has to do with how the organism interacts with other components. 
Many insects, for example, are destructive pests in an agricultural habitat but not in 
their natural habitat, where parasites, competitors, predators, or chemical inhibitors 
keep them under control. 

An effective way to gain insight into an ecosystem is to experiment with it (that 
is, disturb it in some manner, in the hope that the response will clarify hypotheses 
that one has deduced from observation). In recent years, stress ecology or perturbation 
(from perturbare = “to disturb”) ecology has become an important field of research (as 
discussed later in this chapter). Besides manipulating the real thing, one can also gain 
insight by manipulating models, as briefly discussed in Chapter 1. As you read this 
book, watch for examples of all of these approaches. 
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7 Biological Control of the Geochemical Environment: 
The Gaia Hypothesis 


Statement 


Individual organisms not only adapt to the physical environment but, by their con- 
certed action in ecosystems, they also adapt the geochemical environment to their 
biological needs. The fact that the chemistry of the atmosphere, the strongly buffered 
physical environment of Earth, and the presence of a diversity of aerobic life are 
utterly different from conditions on any other planet in this solar system has led to 
the Gaia hypothesis. The Gaia hypothesis holds that organisms, especially micro- 
organisms, have evolved with the physical environment to provide an intricate, self- 
regulatory control system that keeps conditions favorable for life on Earth (Love- 
lock 1979). 


Explanation 


Although ‘most of us know that the abiotic environment (physical factors) controls 
the activities of organisms, not all of us recognize that organisms influence and con- 
trol the abiotic environment in many important ways. The physical and chemical na- 
ture of inert materials are constantly being changed by organisms, especially bacteria 
and fungi, which return new compounds and energy sources to the environment. 
The actions of marine organisms largely determine the content of the sea and of its 
bottom oozes. Plants growing on a sand dune build up a soil radically different from 
the original substrate. A South Pacific coral atoll is a striking example of how organ- 
isms modify the abiotic environment. From simple raw materials in the sea, whole is- 
lands are built through the activities of animals (corals) and plants (Fig. 2-7). Or- 
ganisms control the very composition of our atmosphere. 

The extension of biological control to the global level is the basis for James Love- 





Figure 2-7. A South Pacific atoll, a 
ring-shaped coral reef, located in Bora- 
Bora, French Polynesia. 
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Figure 2-8. Comparison of the major components of the atmosphere on the planets Earth, 
Mars, and Venus. The percentages represent numbers of molecules (moles), not relative 
weights. Elements without percentage values are present in trace amounts (after Margulis and 
Olendzenski 1992). 


lock’s Gaia hypothesis (from Gaia, the Greek name for the Earth goddess). Lovelock, 
a physical scientist, inventor, and engineer, teamed up with microbiologist Lynn 
Margulis to explain the Gaia hypothesis in a series of articles and books (Lovelock 
1979, 1988; Lovelock and Margulis 1973; Margulis and Lovelock 1974; Lovelock 
and Epton 1975; Margulis and Sagan 1997). They concluded that the atmosphere 
of Earth, with its unique high-oxygen/low-carbon dioxide content, and the mod- 
erate temperature and pH conditions on the surface of Earth, cannot be accounted 
for without the critical buffering activities of early life-forms and the continued co- 
ordinated activity of plants and microbes that dampen the fluctuations in physical 
factors that would occur in the absence of well-organized living systems. For ex- 
ample, ammonia produced by microorganisms maintains a pH in soils and sediments 
that is favorable to a wide variety of life. Without this organismic output, the pH of 
soils on Earth could become so low that it would preclude all but a very few kinds of 
organisms. . 

Figure 2-8 contrasts the atmosphere of Earth with the atmospheres of Mars and 
Venus where, if there is life, it certainly is not in control. In other words, the atmo- 
sphere of Earth did not just develop by a chance interaction of physical forces into a 
life-sustaining and self-regulating condition, and then life evolved to adapt to this 
condition. Rather, organisms from the very beginning played a major role in the de- 
velopment and control of a geochemical environment favorable to themselves. Love- 
lock and Margulis envision the microorganism web of life operating in the “brown 
belt” as an intricate control system that functions to maintain a pulsing, homeorhetic 
balance. This control system (Gaia) makes Earth one complex but unified cybernetic 
system. All of this is very much a hypothesis or a mere metaphor to many skeptical 
scientists, although most accept a strong biological influence on the atmosphere. 
Lovelock admits that the “search for Gaia” has been long and difficult, because hun- 
dreds of processes would have to be involved in an integrated control mechanism of 
such magnitude. 
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Humans, of course more than any othe species. atierapt to modily the physica’ 
environment to meet their immediate needs, but in doing so we are increasing] 
shortsighted. Biotic components necessary for our physiological existence are being 
destroyed, and global balances are beginning to be perturbed and change —~a pro- 
cess typically referred to as global climate change. Because we are heterotrophs, who 
thrive best near the end of complex food and energy chains, we depend on the nat- 
ural environment no matter how sophisticated our technology. Cities can be viewed 
as “parasites” on the biosphere when we consider what we have already designated 
as life-support resources, namely, air, water, fuel, and food. The larger and the more 
technologically advanced the cities, the more they demand from the surrounding 
countryside, and the greater the danger of damaging the natural capital (for the ben- 
efits supplied to human societies by natural ecosystems, sce Daily et al. 1997). 


Examples 


One of the classic papers we suggest that students of ecology read is Alfred Redfield’s 
summary essay “The Biological Control of Chemical Factors in the Environment,” 
published in 1958. Redfield marshaled the evidence to show that the oxygen content 
of the air and the nitrate content in the sea are produced and largely controlled by or- 
ganic activity and, furthermore, that the quantities of these vital components in the 
sea are determined by the biocycling of phosphorus. This system is as intricately or- 
ganized as a fine watch, but unlike a watch, this marine regulator was not built by 
engineers and is, comparatively speaking, little understood. Lovelock’s books extend 
Redfield's hypothesis to the global level. See also Jantsch’s The Self-Organizing Uni- 
verse (1980). 

The Copper Basin at Copperhill, Tennessee, and a similar devastated area neat 
Sudbury, Ontario, Canada (Gunn 1995), illustrate on a small scale what land with- 
out life would be like. In these areas, sulfuric acid fumes from copper and nickel 
smelters exterminated all of the rooted plants over areas large enough to be seen from 
space as scars on the face of Earth. A type of smelting. known as “roasting,” involved 
the igniting of great piles of ore, green wood, and coke. These piles were then smol- 
dered continuously, giving off the acidic fumes. Most of the soil eroded, leaving a 
spectacular “desert” that looks like a landscape on Mars. Although the mining has 
stopped, natural recovery has been very slow. At Copperhill, artificial reforestation 
using heavy fertilization with minerals or sewage sludge has succeeded somewhat. 
Pine seedlings inoculated with symbiotic root fungi that assist the tree in extracting 
nutrients from impoverished soils are surviving on their own as the large input of fer- 
tilizer is used up (E. P. Odum and Biever 1984). At least, such experiments demon- 
strate that locally damaged ecosystems can be restored to some degree, but only with 
great effort and expense. . 

Mt. Saint Helens demonstrates the impact of a natural disturbance, which has 
been followed by a rapid recovery or restoration process (Figs. 2-9A and B; see Chap- 
ter 8 for additional information regarding ecosystem development). Restoration 
ecology is a relatively new science. directed at managing communities, ecosystems, 
and landscapes that have been damaged by pollution, invasion of exotic species, or 
human perturbations. Prevention of pollution, invasive species, or human perturbations is, 
of course, better than cure. For this reason, the science of ecosystem health needs to 
be a close companion to restoration (or rehabilitation) ecology, just as preventative 
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in some types of bacterial photosynthesis, on the other hand, HA (the reductant) is 
not water but either an inorganic sulfur compound, such as hydrogen sulfide (H,S) 
in the green and purple sulfur bacteria (Chlorobacteriaceae and Thiorhodaceae, re- 
spectively), or an organic compound, as in the purple and brown nonsulfur bacteria 
(Athiorhodaceae). Consequently, oxygen is not released in these types of bacterial 
processes. : 

The photosynthetic bacteria that do release oxygen as a by-product are largely 
aquatic (marine and freshwater) cyanobacteria that in most situations play a minor 
role in the production of organic matter. However, they can function under unfavor- 
able conditions, and they do cycle certain minerals in aquatic sediments. The green 
and purple sulfur bacteria, for example, are important to the sulfur cycle. They are 
obligate anaerobes (able to function only in the absence of oxygen) and occur in the 
boundary layer between oxidized and reduced zones in sediments or water where the 
light is of low intensity. Tidal mudflats are good places to observe these bacteria, be- 
cause they often form distinct pink or purple layers just under the upper green lay- 
ers of mud algae (in other words, at the very upper edge of the anaerobic or reduced 
zone, where light but not much oxygen is available). In contrast, nonsulfur photo- 
synthetic bacteria are generally facultative anaerobes (able to function with or with- 
out oxygen). They can also function as heterotrophs in the absence of light, as can 
many algae. Bacterial photosynthesis can be helpful in polluted and eutrophic wa- 
ters and, hence, is being increasingly studied, but it is no substitute for the “regular,” 
oxygen-generating photosynthesis on which the world depends. 

Differences in biochemical pathways for carbon dioxide reduction (the reduction 
portion of the equation) in higher plants have important ecological implications. 
In most plants, carbon dioxide fixation follows a C3 pentose phosphate or Calvin 
cycle, which for many years was the accepted scheme for photosynthesis. Then, in 
the 1960s, plant physiologists discovered that certain plants reduce carbon dioxide 
in a different manner, according to a C, dicarboxylic acid cycle. Such C, plants have 
large chloroplasts in the bundle sheaths around the leaf veins—a distinctive mor- 
phological feature that had been noted a century earlier but had not been suspected 
as an indicator of a major physiological characteristic. More important, plants using 
the dicarboxylic acid cycle respond differently to light, temperature, and water. For 
the purposes of discussing the ecological implications, the two photosynthetic types 
are designated C; and C, plants. 

Figure 2-10 contrasts the response of C, and C, plants to tight and temperature. 
C, plants tend to peak in photosynthetic rate (per unit of leaf surface) at moderate 
light intensities and temperatures and tend to be inhibited by high temperatures and 
the full intensity of sunlight. In contrast, C, plants are adapted to bright light and 
high temperatures, greatly exceeding the production of C, plants under these condi- 
tions. They also use water more efficiently, generally requiring less than 400 grams 
of water to produce 1 gram of dry matter, compared with the 400- to 1000-gram wa- 
ter requirement of C, plants. Moreover, C, plants are not inhibited by high oxygen 
concentrations, unlike C, species. One reason why C, plants are more efficient at the 
high end of the light-temperature scales is that they have little photorespiration— 
that is, the photosynthate of the plant is not respired away as light intensity rises. 
Some C, plarts have been reported to be more resistant to grazing by insects (Caswell 
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Figure 2-10. Comparative photosynthetic response of C, 


and C, plants fo increasing light intensity and temperature. 
C, plants’ photosynthetic rate peaks at moderate light in- 
tensities and temperatures, whereas C, plants thrive under 
bright light and high-temperature conditions. 


C, plants 
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et al. 1973), perhaps because they tend to have a lower protein content On the other 
hand, Haines and Hanson (1979) reported that detritus made from C; plants was a 
richer food source for consumers in a salt marsh than was detritus originating from 
C; plants. 

Species with a C,-type photosynthesis are especially numerous in the grass fam- 
ily (Gramineae). As would be expected, C, species dominate the vegetation in deserts 
and grasslands in warm temperate and tropical climates, but they are rare in forests 
and in the cloudy northern latitudes, where low light intensities and low tempera- 
tures predominate. Table 2-6 illustrates how the proportion of C, species increases 
along a gradient from the cool, moist prairies of the midwestern United States to the 
hot, dry deserts of the Southwest, and also how C,/C; proportions differ with the sea- 
sons in temperate deserts. It is not surprising that crabgrass (Digitaria sanguinalis), a 
legendary pest of particular lawns, turns out to be a C, species, as are a number of 
other “weeds” that thrive in human-made warm open spaces. 

Despite their lower photosynthetic efficiency at the leaf level, C} plants account 
for most of the photosynthetic production of the world, presumably because they are 
more competitive in mixed communities, where there are shading effects and where 
light and temperature are average rather than extreme (observe in Fig. 2-10 that C; 
plants outperform C, plants under low light and temperature conditions). This ap- 
pears to be another good example of the “whole is not the sum of the parts” principle. 
Survival in the real world does not always go to the species that are merely physiologically 
superior under optimal conditions in monoculture, but rather to those species that are su- 
perior in multiculture under varying conditions that are not always optimal. To put it an- 
other way, what is efficient in isolation is not necessarily efficient in the ecosystem, 
where the interaction among species and the abiotic environment is vital to natural 
selection. 
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Plants that humans now depend on for food, such as wheat, rice, potatoes, and 
most vegetables, are for the most part C, plants, because most crops suitable for 
mechanized agriculture were developed in the North Temperate Zone. Crops of trop- 
ical origin, such as corn, sorghum, and sugarcane, are C, plants. More C, varieties 
should obviously be developed for use in irrigated deserts and in the Tropics. 

Another photosynthetic mode especially adapted to deserts is crassulacean acid 
metabolism (CAM). Several desert succulent plants, including the cacti, keep their 
stomata closed during the hot daytime and open them during the cool of the night. 
Carbon dioxide absorbed through the leaf openings is stored in organic acids (hence 
the name) and not “fixed” until the next day. This delayed photosynthesis greatly re- 
duces water loss during the day, thereby enhancing the ability of the succulent plant 
to maintain water balance and water storage. 

Microorganisms called chemosynthetic bacteria are considered to be chemo- 
lithotrophs, because they obtain their energy for carbon dioxide assimilation into 
cellular components not by photosynthesis but by the chemical oxidation of simple 
inorganic compounds—for example, ammonia to nitrite, nitrite to nitrate, sulfide to 
sulfur, and ferrous to ferric iron. They can grow in the dark, but most require oxy- 
gen. The sulfur bacterium Thiobacillus, often abundant in sulfur springs, and the var- 
ious nitrogen bacteria, which are important in the nitrogen cycle, are examples. 

For the most part, chemolithotrophs are involved in carbon recovery rather than 
in primary production, because their ultimate energy source is organic matter pro- 
duced by photosynthesis. In 1977, however, unique deep-sea ecosystems were dis- 
covered based entirely on chemosynthetic bacteria not dependent on a photosynthate 
source. These ecosystems are located in totally dark areas where the sea floor is 
spreading, creating vents from which hot, mineral-rich sulfurous water escapes. 
Here, a whole food web of mostly endemic (that is, species found nowhere else) ma- 
rine organisms has evolved. The food chain begins with bacteria that obtain their en- 
ergy to fix carbon and produce organic matter by oxidizing hydrogen sulfide (H,S) 
and other chemicals. Snails and other grazers feed on the bacterial mats in the cooler 
parts of the vent structure; strange, 30-centimeter-long clams and 3-meter-long tube 
worms have evolved a mutualistic relationship with the chemosynthetic bacteria that 
live in their tissues; and there are also crab and fish predators. These vent communi- 
ties are, indeed, an age-old, geothermally powered ecosystem, as the heat of Earth’s 








Table 2-6 Percentage of C, species in an east-west 
transect of the United States grasslands 
and deserts 
‘Ecosystem Percentage of C, species 
Tallgrass prairie . 50 
‘Mixed-grass grassland 67 
Shortgrass grassland 100 
Desert-Summer annuals 100 
Desert—Winter annuals 0 





Source: After E. P. Odum 1983. 
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Figure 2-11. Diagram of a deep-sea thermal vent. Volcanic vents in the mid-ocean ranges 
produce plumes of “black smoke" rich in hydrogen sulfide and minerals. The chimney of the vent 
is covered by limpets, undersea worms (such as polychaetes), and large tube worms. Crabs 
and mussels also make their home among the rich deposits (courtesy of V. Tunnicliffe). 


core produces the reduced sulfur compounds that are the energy source for this eco- 
system. A diagram of the vent structure is shown in Figure 2-11. For reviews and pic- 

tures of some of the animals, see Tunnicliffe (1992). 
On the global seale, among multicellular life-forms, the distinction between au- 
totrophs and heterotrophs is clear-cut, and gaseous oxygen is essential for the sur- 
vival of the majority of heterotrophs. But among the microorganisms—the bacteria, 
fungi, and more primitive algae and protozoa—many species and varieties are not so 
specialized. Rather, they are adapted to be intermediate or to shift between autotro- 

phy and heterotrophy, with or without oxygen. 





Types of Decomposition and Decomposers 


In the world at large, the heterotrophic processes of decomposition (catabolism) ap- 

proximately balance the autotrophic metabolism (anabolism), as was indicated in this 

sections statement, but the balance varies widely locally. If decomposition is consid- 

ered in the broad sense as “any energy-yielding biotic oxidation,” then several types 

of decomposition roughly parallel the types of photosynthesis when oxygen require- 
> ‘ments are considered: i 


* Type 1. Aerobic respiration—gaseous (molecular) oxygen is the electron acceptor 
(oxidant). 


e Type 2. Anaerobic respiration—gaseous oxygen is not involved. An inorganic 
compound other than oxygen, or an organic compound, is the electron acceptor 
(oxidant). ` 
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* Type 3. Fermentation—also anaerobic, but the organic compound oxidized is also 
the electron acceptor (oxidant). 


Aerobic respiration (Type 1) is the reverse of photosynthesis; it is the process by 
which organic matter (CH,O) is decomposed back to CO, and H,O with a release of 
energy. All of the higher plants and animals and most of the Monerans and Protists 
obtain their energy for maintenance and for the formation of cellular material in this 
manner. Complete respiration yields CO), H,O, and cellular material, but the pro- 
cess may be incomplete, leaving energy-containing organic compounds to be used 
later by other organisms. The equation for aerobic respiration is typically written as 
follows: 


C6H 1205 + 60, = 6CO, + 6H,O 


As you will recall, during photosynthesis, solar energy is captured and stored in 
high-energy bonds in carbohydrates; oxygen is released in the process. The carbohy- 
drate (such as a monosaccharide sugar, C6H,206) is used by the autotroph or is in- 
gested by the heterotroph. The energy contained in the carbohydrate is released dur- 
ing respiration via glycolysis and the Krebs cycle; carbon dioxide and water are also 
released. In virtually all ecosystems, photosynthetic autotrophs provide energy for 
the total system. Thus, the ultimate source of energy for the system is the Sun. 

Respiration without O, (anaerobic respiration) is largely restricted to the sapro- 
phages, such as bacteria, yeasts, molds, and protozoa, although it occurs as a depen- : 
dent process in certain tissues of higher animals (muscle contraction, for example). 
The methane bacteria are examples of obligate anaerobes that decompose organic 
compounds with the production of methane (CH,) through reduction of either or- 
ganic or mineral (carbonate) carbon (thus employing both types of anaerobic me- 
tabolism). In aquatic environments, such as freshwater marshes and swamps, the 
methane gas, often known as “swamp gas,” rises to the surface, where it can be oxi- 
dized or, if it catches fire, may be reported as a UFO (unidentified flying object)! The 
methane bacteria are also involved in the breakdown of forage in the rumen of cattle 
and other ruminants. As we deplete supplies of natural gas and other fossil fuels, 
these microbes may be domesticated to produce methane on a large scale from ma- 
nure or other organic sources. 

Desulfovibrio and other varieties of sulfate-reducing bacteria-are ecologically im- 
portant examples of anaerobic respiration (Type 2), because they reduce SO, in deep 
sediments and in anoxic waters, such as the Black Sea, to H2S gas. The H4S can rise 
to shallow sediments or surface waters, where it can be oxidized by other organisms 
(the photosynthetic sulfur bacteria, for example). Alternatively, H,S can combine 
with Fe and Cu and many other minerals. Millions of years ago, the microbial pro- 
duction of minerals may have been responsible for many of our most valuable metal 
ore deposits, On the negative side, sulfate-reducing bacteria cause billions of dollars 

: damage annually through corrosion of metals by the H,S they produce. Yeasts, of 
course, are. well-known examples of organisms using fermentation (Type 3). They 
are not only commercially important but also abundant in soil, where they help de- 
compose plait residues. l 

As already indicated, many kinds of bacteria are capable of both aerobic and. 
anaerobic respiration, but the end products of the two reactions will be different, and. 
the amount of energy released will be much less under anaerobic conditions. For ex- 
ample, the same species of bacterium, Aerobacter, can be gsown under anaerobic and ` 
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DECOMPOSITION OF NITROGENOUS ORGANIC MATTER 
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Figure 2-12. Diagram depicting the end products of aerobic and anaerobic metabolism 
when an acute dosage of sludge containing nitrogenous and carbonaceous matter enters a 
stream. This input of nutrients quickly causes a biochemical oxygen demand in the system. 


aerobic conditions with glucose as the carbon source. When oxygen is present, al- 
- most all of the glucose is converted into bacterial biomass and CO,, but in the ab- 
sence of oxygen, decomposition is incomplete, a much smaller portion of the glucose 
ends up as cellular carbon, and a series of organic compounds (such as ethanol, 
formic acid, acetic acid, and butanediol) is released into the environment. Additional 
bacterial specialists would be required to oxidize these compounds further and 
recover additional energy. When the rate of input of organic detritus into soils and 
sediments is high, bacteria, fungi, protozoa, and other organisms create anaerobic 
conditions by using up the oxygen faster than it can diffuse into water and soil. De- 
composition does not stop then but continues, often at a slower rate, provided an ad- 
equate diversity of anaerobic microbial metabolic types is present. 
Figure 2-12 illustrates the end products of aerobic and anaerobic metabolism 
when,an input of nutrients, (such as untreated municipal sludge) enters a stream or 
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river. Before the point-source input of sludge, the stream is characterized by an 
abundance of dissolved oxygen and a high species diversity. The input of sludge re- 
sults in a biological oxygen demand (BOD) caused by bacterial respiration during 
the decomposition of waste products. Thus, the stream system becomes more anaer- 
obic as a result of the decomposition process and is characterized by decreased oxy- 
gen and reduced biotic diversity. Notice that the end products of anaerobic metabo- 
lism contain acids, alcohols, and products that may damage aquatic life in the stream. 

Although the anaerobic decomposers (both obligate and facultative) are in- 
conspicuous components of the community, they are nonetheless important in the 
ecosystem because they alone can respire or ferment organic matter in the dark, in 
oxygenless layers of soils, and in aquatic sediments. Thus, they “rescue” energy and 
materials temporarily lost in the detritus of soils and sediments. 

The anaerobic world of today may be a clear model of the primordial world, 
because it is believed that the earliest life-forms were anaerobic procaryotes. Rich 
(1978) described the two-step evolution of life as follows: First, Precambrian life 
evolved as the free energy from lengthening electron transport increased (the quality 
of energy available to organisms increased). In the second step, the realm of conven- 
tional multicellular evolution, the energetic value of a unit of organic matter was fixed 
(ultimate electron acceptor = oxygen) and life evolved im respohse to the quantity of 
energy available to organisms. 

In today’s world, the reduced inorganic and organic compounds produced by 
anaerobic microbial processes serve as carbon and energy reservoirs for photosyn- 
thetically fixed energy. When later exposed to aerobic conditions, the compounds 
serve as substrates for aerobic heterotrophs. Accordingly, the two lifestyles are inti- 
mately coupled and function together for mutual benefit. For example, a sewage dis- 
posal system, which is a human-engineered decomposing subsystem, depends on the 

"partnership between anaerobic and aerobic decomposers for maximum efficiency. 


Decomposition: An Overview 


Decomposition results from both abiotic and biotic processes. For example, prairie 
and forest fires are not only major limiting or controlling factors (as will be discussed 
later), but they are also “decomposers” of detritus, releasing large quantities of CO, 
and other gases inte the atmosphere and minerals into the soil. Fire is an important 
and even a necessary process in so-called fire-type (perturbation-dependent) eco- 
systems, in which the physical conditions aré such that microbial decomposers do 
not keep up with organic production. The grinding action of freezing and thawing 
and water flow also break down organic materials, in part by reducing particle size. 
By and large, however, the heterotrophic microorganisms or saprophages ultimately 
act on the dead bodies of plants and animals. This kind of decomposition, of course, 
is the result of the process by which bacteria and fungi obtain food for themselves. 
Decomposition, therefore, occurs through energy transformations within and be- 
tween organisms and is an absolutely vital function. If it did not occur, all nutrients 
would soon be tied up in dead bodies, and no new life could be produced.. Within 
the bacterial cells and the fungal mycelia are enzymes necessary to carry out specific 
chemical reactions. These enzymes are secreted into dead matter; some of the de- 
composition products are absorbed into the organism as food, whereas other prod- 
ucts remain in the environment or are excreted from the cells. No single species of- 
saprotroph can completely decompose a dead body. However. populations of de- 
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Figure 2-13. Example of decomposition in a Georgia 
salt marsh. Rates of decomposition in terms of percentage 
of dead marsh grass (Spartina alterniflora) and fiddler crabs 
(Uca pugnax) remaining in nylon-mesh litter bags placed 
in the marsh where they would be subjected to daily tidal 
inundation. 





Percentage dry matter remaining 
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composers prevalent in the biosphere consist of many species that, by their sequen- 
tial action, can completely decompose a body. Not all parts of the bodies of plants 
and animals are broken down at the’ same rate. Fats, sugars, and proteins are de- 
composed readily, whereas the cellulose of plants, the lignin of wood, the chitin of 
insects, and the bones of animals are decomposed very slowly. Figure 2-13 shows a 
comparison of the rate of decomposition of dead marsh grass and fiddler crabs placed 
in nylon-mesh “litter bags” in a Georgia salt marsh. Note that most of the animal re- 
mains and about 25 percent of the dry weight of the marsh grass were decomposed 
in about two months, but the remaining 75 percent of the grass, largely cellulose, was 
broken down more slowly. After 10 months, 40 percent of the grass remained, but 
all of the crab remains had disappeared from the bag. As the detritus becomes finely 
divided and escapes from the bag, the intense activities of microorganisms often re- 
‘sult in nitrogen and protein enrichment, thus providing a more nutritious food for 
detritus-feeding animals. The graphic model of Figure 2-14 shows that the decom- 
position of forest litter (leaves and twigs) is very much influenced by lignin (resjstant 
wood.polymers) content and climatic conditions. Until a few decades ago, lignin was 
believed to be decomposed only in the presence of oxygen. However, studies have 
demonstrated since then that even very resistant compounds can be microbially de- 
graded (although very slowly) under anaerobic conditions (Benner et al. 1984). 

The more resistant products of decomposition result in humus (or humic sub- 
stances), which is a universal component of ecosystems. It is convenient to recognize 
four stages of decomposition: (1) initial leaching, the loss of soluble sugars and other 
compounds that are dissolved and carried away by water; (2) the formation of par- 
ticulate detritus by physical and biological action (fragmentation) accompanied by the 
release of dissolved organic matter; (3) the relatively rapid production of humus and 
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Figure 2-14. Decomposition of forest litter as a function 
of lignin content and climate (after Meentemeyer 1978). 
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release of additional soluble organics by saprotrophs; and (4) the slower mineraliza- 
tion of humus. Mineralization is the release of organically bound nutrients into an 
inorganic form available to plants and microbes. 

The slowness of decomposition of humic substances is a factor in the decompo- 
sition lag and oxygen accumulation in an ecosystem that has been stressed. In gen- 
eral appearance, humus is a dark, often yellow-brown, amorphous or colloidal sub- 
stance that is difficult to characterize chemically. No great differences in the physical 
properties or chemical structure of humus exist between different terrestrial eco- 
systems, but studies suggest that marine humic materials have a different origin and 
hence a different structure. This difference is related to the fact that there are no 
lignin-rich, woody plants in the sea, so humic compounds are derived from less aro- 
matic algal chemicals. 

In chemical terms, humic substances are condensations of aromatic compounds 
(phenols) combined with the decomposition products of proteins and polysaccha- 
rides. A model for the molecular structure of humus derived from lignocellulose is 
shown in Figure 2-15. The phenolic benzene rings and the side-chain bonding make 
these compounds recalcitrant to microbial decomposition. Ironically, many of the 

‘ ~ toxic materials that humans are now adding to the environment, such as herbicides, 
i pesticides, and industrial effluents, are derivatives of benzene and are causing serious - 
trouble because of their low degradability and their toxicity. 

The overall energy budget of an ecosystem reflects a balance between income and 
expenditure (that is, a balance between production-and decomposition), just as in a 
bank account. The ecosystem gains energy through the photosynthetic assimilation 
of light by green plants (autotrophs) and the transport of organic matter into the eco- 
system from external sources: More will be said regarding this balance betweer pro- 
duction, P, and decomposition or respiration, R, in Chapter 3. 

Detritus, humic substances, and other organic matter undergoing decomposition 
are important for soil fertility. These materials provide a favorable soil texture for 
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plant growth. As gardeners know, adding decaying or decomposed organic matter to 
most soils greatly increases the ability of the garden plot to produce vegetables and 
flowers! Furthermore, many organics form complexes with minerals that greatly af- 
fect the biological availability of the minerals. For example, chelation (from chele = 
“claw,” referring to “grasping”), or complex formation with metal ions, keeps the el- 
ement in solution and nontoxic compared with the inorganic salts of the metal. As 
industrial wastes are full of toxic metals, it is fortunate that the chelators that are 
products of the natural decomposition of organic matter work to mitigate toxic effects 
on organisms. For example, the toxicity of copper to phytoplankton is correlated 
with the free ion (Cu**) concentration, nof the total concentration of copper. Ac- 
cordingly, a given amount of copper is less toxic in an organically rich, inshore ma- 
rine environment than in the open sea, where there is less organic matter to complex 
the metal. 

Soils are composed of a variable combination of minerals, organic matter, water, 
and air. Recent definitions of soil (Coleman and Crossley 1996) include the phrase 
“with its living organisms.” Thus, healthy, fertile soil is alive and is composed of bi- 
otic and abiotic components having many interactions (see Chapter 5 for details re- 
garding soil ecology). 

Numerous studies have shown that small animals (such as protozoa, soil mites, 
collembolans, nematodes, ostracods, snails, and earthworms) are very important in. 
decomposition and in maintaining soil fertility. When these microfauna are selec- 
tively removed, the breakdown of dead plant material is greatly slowed, as summa- 
rized in Figure 2-16. Although many detritus-feeding animals (detritivores) cannot ac- 
tually digest the lignocellulose substrates but obtain their food energy largely from 
the microflora in the material, they speed up the decomposition of plant litter in a 
number of indirect ways: (1) by breaking down detritus or coarse particulate or- 
ganic matter (CPOM) into smaller pieces, thus increasing the surface area available 
for microbial action; (2) by adding proteins or other substances (often in the animals’ 
excretions) that stimulate microbial growth; and (3) by stimulating the growth and 
metabolic activity of these microbial populations by eating some of the bacteria and 
fungi. Furthermore, many detritivores are coprophagic (from kopros = “dung”); that 


is, they regularly ingest fecal pellets after the pellets have been enriched by fungi and 


microbial activity in the environment. In the sea, pelagic tunicates feed by straining 
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Figure 2-15. Model of a humic acid molecule, illustrating (1) the aromatic or phenolic ben- 


zene rings; (2) cyclic nitrogen rings; (3) nitrogen side chains; and (4) carbohydrate residues; 
all of which make humic substances. difficult to decompose. i 
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Figure 2-16. Loss of organic matter from buried litter 
bags in a grassland is greatly slowed when microarthro- 
pods, fungi, or nematodes are selectively removed (after 
Santos et al. 1981). These data demonstrate the importance 
of small invertebrates and fungi in the decomposition of soil 
organic matter. 
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out microflora from the water, producing large fecal pellets that have been shown to 
provide a major food source for other marine animals, including fish. In grasslands, 
rabbits also frequently exhibit coprophagic behavior by reingesting their own fecal 
pellets. 

The importance of particle size is revealed in a comparison of till and no-till agri- 
culture. In conventional tillage, involving deep plowing one or more times a year, or- 
ganic residues are broken up into small pieces, resulting in a bacteria-based detritus 
food chain. When plowing is reduced or eliminated (limited or no tillage), a fungi- 
based food chain predominates, because fungi are more efficient at breaking down 
large particles than are bacteria. Detritivores, such as earthworms, are more abundant 
when plowing is reduced (Hendrix et al. 1986). Several studies have also indicated” 
that phagotrophs can and do speed up sewage decomposition (see NRC 1996b, “Use 
of Reclaimed Water and Sludge in Food Crop Production,” for details regarding the 
costs and benefits of using sewage sludge and wastewater in agroecosystems for ep 
production). 

Although the mineralization of organic matter that provides plant nutrients has 
been stressed as the primary function of decomposition, another function has been 
receiving more attention from ecologists. Apart from the importance of saprotrophs 
as food for other organisms, the organic substances released into the environment 
during decomposition may have profound effects on the growth of other organisms. 

_ in the ecosystem. Julian Huxley in 1935 suggested the term “external difusion hor- 
- mones” for those chemical substances that exert a correlative action (or feedback) on 
the system via the external medium. However, the terms secondary metabolites or 
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secondary compounds are the labels most often used for the substances excreted by 
one species that affect others. These substances may be inhibitory, as in the antibiotic 
penicillin (produced by a fungus), or stimulatory, as in various vitamins and other 
growth substances (for example, thiamin, vitamin B}3, biotin, histidine, uracil, and 
others), many of which have not been identified chemically. 

The direct inhibition of one species by another using noxious or toxic com- 
pounds is termed allelopathy. These excretions are commonly termed.allelopathic 
substances (from allelon = “of each other,” and pathy = “suffering”). Algae release 
` substances that have major effects on the structure and function of aquatic commu- 
nities. Inhibitory leaf and root excretions of higher plants are also important in this 
regard. Black walnut trees (Juglans nigra), for example, are known for the production 
of juglone, an allelopathic chemical that interferes with the ability of other plants to 
establish themselves nearby. It has been demonstrated that allelopathic metabolites 
interact in a complex way with fire in controlling desert and chaparral vegetation. In 
dry climates, such excretions tend to atcumulate and thus have more effect than un- 
der rainy conditions. Whittaker and Feeny (1971), Rice (1974), Harborne (1982), 
Gopal and Goel (1993), and Seigler (1996) have detailed the role of biochemical ex- 
cretions in the development and structuring of communities. 

In summary, the degradation of organic matter is a long and complex process, in- 
volving many species and chemical sequences—a biodiversity that is extremely impor- 
tant to maintain. Decomposition controls several important functions in the eco- 
system. For example, it (1) recycles nutrients through mineralization of dead organic 
matter; (2) chelates and complexes mineral nutrients; (3) microbially recovers nutri- 
ents and energy; (4) produces food for a sequence of organisms in the detritus food 
chain; (5) produces secondary metabolites that may be inhibitory or stimulatory and 
are often regulatory; (6) modifies inert materials on the surface of Earth to produce, 
for example, the unique earthly complex known as “soil”; and (7) maintains an at- 
mosphere conducive to the life of large-biomass aerobes such as humans. 


New Molecular Methods to Study Decomposition 


Study of the microbial communities involved in decomposition has been severely 
limited until recently by our inability to identify or discriminate among the many 
species of bacteria involved. Except for a few morphologically unusual species, all 
bacteria appear similar to humans when viewed through the microscope. Cells that 
look. identical, however, may be carrying out vastly different processes. Recently, 
methods based on the staining of cells with very specific, short DNA probes have 
made it possible to identify bacteria in samples of soil, sediments, and water, and 
even to determine whether or not an individual cell possesses a gene for decompos- 
ing specific compounds. These molecular techniques also offer the promise of indi- 
cating whether or not the gene is “turned on” in the cell. Such techniques will make 
it possible to describe how decomposer communities function in the same detail that 
ecologists have been able to apply to communities of higher organisms. 


Global Production-Decomposition Balance 


Despite the broad spectrum and the great variety of functions in nature, the simple 
autotroph-heterotroph-decomposer classification is a good working arrangement for 
describing the ecological structure of a biotic community. Production, consumption, 
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and decomposition are useful terms for describing overall functions. These and other 
ecological categories pertain to functions and not necessarily to species as such, be- 
cause a particular species population may be involved in more than one basic func- 
tion. Individual species of bacteria, fungi, protozoa, and algae may be quite special- 
ized metabolically, but collectively, these lower phyla are extremely versatile and can 
perform numerous biochemical transformations. Human beings and other higher or- 
ganisms cannot live without what LaMont Cole once called the “friendly microbes” 
(Cole 1966); microorganisms provide some degree of stability and sustainability in 
the ecosystem because they can adjust quickly to changirig conditions. 

The delay in the complete heterotrophic use and decomposition of the products 
of autotrophic metabolism is one of the most important temporal-spatial features of 
the ecosphere. Understanding this is especially important to industrialized societies, 
as fossil fuels have accumulated in the ground and oxygen in the atmosphere because 
of that delay. It is of immediate concern that human activities are unwittingly, but 
vefy rapidly, speeding up decomposition (1) by burning the organic matter stored in 
fossil fuels; (2) by agricultural practices that increase the decomposition rate of hu- 
mus; and (3) by worldwide deforestation and burning of wood (still the major energy 
source for two thirds of people living in the less developed nations of the world). All 
this activity releases into the air the CO, stored in coal and oil and in trees and hu- 
mus of deep forest soils. Although the amount of CO, diffused into the atmosphere 
by agro-industrial activities is still small compared with the total amount in circu- 
lation, the‘CO, concentration in the atmosphere has significantly increased since 
; 1900. Possible consequences for the modification of the climate will be reviewed in 
: Chapter 4. 
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Statement 


Little self-contained worlds, or microcosms, in bottles or other containers, such 
as aquaria, can simulate in miniature the nature of ecosystems. Such containers can 
be considered microecosystems. Large experimental tanks or outdoor enclosures, 
termed mesocosms (“midsized worlds”), are more realistic experimental models 
because they are subjected to naturally pulsing environmental factors, such as light 
and temperature, and can contain larger organisms with more complex life histo- 
ries. The planet Earth, large watersheds, or natural landscapes, termed macrocosms 
(the natural or “great” world), are the natural systems used for baseline or “control” 
measurements. 

A self-contained mesocosm including humans, called Biosphere-2, was a first at- 
tempt to build a bioregenerative enclosure such as might someday be constructed 
on the Moon or nearby planets. Spacecraft and space stations as now operated are 
not self-contained and can remain in space only a short time unless they are fre- 
quently resupplied from Earth. The characteristics and processes. of the naturally 

- evolved biosphere need to be coupled with the human-designed industrial “synthe- 


sphere” (Severinghaus et al. 1994) in order to design systems that mimic ecosystenr 
sustainability. 
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Explanation and Examples 


Two basic types of laboratory microcosms may be distinguished: (1) microecosys- 
tems derived directly from nature by multiple seeding of culture media with envi- 
ronmental samples; and (2) systems built up by adding species from pure or axenic 
(free from other living organisms) cultures until the desired combinations are ob- 
tained. The derived systems represent nature “stripped down’ or “simplified” to those 
organisms that can survive and function together for a long time within the limits 
of the container, the culture medium, and the light-temperature environment im- 
posed by the experimenter. Such systems, therefore, are usually intended to simulate 
some specific outdoor situation. For example, the microcosm shown in Figure 2-17 
is derived from a sewage pond; the example in Figure 2-18 depicts a standardized 
aquatic microcosm (SAM) after Taub (1989, 1993, 1997). One problem with de- 
rived microecosystems is that their exact composition—especially the bacteria—is 
difficult to determine. The ecological use of derived or “multiple-seeded” systems was 
pioneered by H. T. Odum and his students. 

In the axenic approach, defined systems are built up by adding previously iso- 
lated and carefully studied components (Fig. 2-17). The resulting cultures are often 
called gnotobiotic because the exact composition, down to the presence or absence 
of bacteria, is known. Gnotobiotic cultures have been used mostly to study the nu- 
trition, biochemistry, and other aspects of single species or strains or to study the in- 
teractions of species, but ecologists have experimented with more complex polyaxenic 
cultures to devise self-contained ecosystems (Taub 1989, 1993, 1997; Taub et al. 
1998). These contrasting approaches to the laboratory microecosystem parallel the 
two long-standing ways (holological and merological) in which ecologists have at- 

tempted to study lakes and other large systems in the real world. For a review of the 

early ecological work with microcosms and a discussion of the balanced aquarium 
controversy, see Beyers (1964), Giesy (1980), Beyers and Odum (1995), and Taub 
(1993, 1997). 





Figure 2-17. Gnotobiotic microcosm containing three Fluorescent tight source- 
species from axenic (“pure”) culture. The tube provides an 

area in which algae can multiply free from grazing by brine 

shrimp; to prevent overgrazing (after Nixon 1969). 
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Figure 2-18. Diagram of a standardized 
aquatic microcosm (SAM) setup. (From Taub, 
F. B. 1989. Standardized aquatic microcosm- 
development and testing. In Aquatic ecotoxicol- Distilled M (RNS ats 
j ; water : W AG y Vitamins 
ogy: Fundamental concepts and methodologies, Z 
vol. 2, ed. A. Boudou and F. Ribeyre, 47-92. 
Boca Raton, Florida: CRC Press. Used with 
permission.) 
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A common misconception exists about the “balanced” fish aquarium. An appro- 
priate balance of gases and food can be achieved in an aquarium if the ratio of fish to 
water and plants remains small. In 1851, Robert Warington “established that won- 
drous and admirable balance between the animal and vegetable kingdoms” in a 12- 
gallon aquarium, using a few goldfish, snails, and lots of eelgrass (Vallisneria), as well 
as a diversity of associated microorganisms (Warington 1851). He not only clearly rec- 
ognized the reciprocal role of fish and plants but also correctly noted the importance 
of the snail detritivore “in decomposing vegetation and confevoid mucus,” thus “con- 
verting that ‘which would otherwise act as a poisonous agent into a rich and fruitful 
pablum for vegetable growth.” Most attempts to balance aquaria fail because too many 
fish are stocked for the available resources (an elementary case of overpopulation). For 
complete self-sufficiency, a medium-sized fish requires many cubic meters of water 
and attendant food organisms. As “fish-watching” is the usual motivation for keeping 
aquaria inthe home, office, or school, subsidiés of food, aeration, and periodic clean- 
ing are necessary if large numbers of fish are to be crowded into small spaces. The am- 
ateur pisciculturist, in other words, would do well to establish aquaria based on eco- 
system science. Fish—and human beings—require more room than one might think! 

Large outdoor tanks and flowing water flumes for aquatic systems and various 
kinds of enclosures for terrestrial systems represent increasingly used experimental 
mesocosms that are intermediate between laboratory culture systems and natural 
ecosystems or landscapes. Figure 2-19 shows a series of experimental tanks that serve 
as aquatic mesocosms. The bottom cf the tank is filled with sediment, and water and 
organisms are added based on the research questions to be addressed. These meso- 

-cosms track the naturally occurring seasonal changes in organisms’ behavior and 
community metabolism (production and respiration) very well. Both indoor and out- 
door model mesocosms provide useful tools for tentatively or preliminarily estimat- 
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Figure 2-19. Experimental aquatic 
mesocosms located at the Savannah 
River Ecology Laboratory (SREL) near 
Aiken, South Carolina. 
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ing the effect of pollutants or experimentally imposed disturbances related to human 
activity. The role of mesocosm studies in ecological risk analysis has been summa- 
rized by Boyle and Fairchild (1997). 
Various kinds of fenced terrestrial mesocosms (Fig 2-20) have also proven use- 
ful in assessing the effect of fire, pesticides, and nutrient enrichment on whole eco- 
-systems (Barrett 1968, 1988; Crowner and Barrett 1979; W. P. Carson and Barrett 
1988; Hall et al. 1991; Brewer et al. 1994) and in addressing questions and testing 
hypotheses in agroecology and landscape ecology (Barrett et al. 1995; R. J. Collins 
and Barrett 1997; Peles et al. 1998). For example, Barrett (1968), while evaluating 
the effects of an ‘acute insecticide stress on a grassland mesocosm, determined not 
only that the insecticide application reduced the “target” phytophagous insects in the 
short term, but also that the treatment decreased the decomposition rate of plant lit- 


Figure 2-20. Aerial photograph of 16 terrestrial 
mesocosms at the Miami University Ecology Research 
Center, Oxford, Ohio. This figure depicts how the 
mesocosm approach can be used to investigate habi- 
tat restoration (8 subdivided mesocosms on the left), 
and the effects of habitat (patch). fragmentation on 
small mammal (meadow vole) population dynamics 
(8 mesocosms on the right). The mesocosms (enclo- 
sures) on the right depict a regular paired experimen- 
tal design in which enclosures. are used to simulate 
landscape (patch and matrix) components (after R. J. 
Collins and Barrett 1997). 
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ter, delayed the reproduction of small mammals (Sigmodon hispidus), and reduced the 
diversity of predaceous insects in the long term. Thus, this mesocosm approach il- 
lustrated how a “recommended” insecticide application affected the dynamics of the 
system as a whole. For niore on the mesocosm concept and approach, see E. P. Odum 
(1984) and Boyle and Fairchild (1997). 

Micro- and mesoecosystem research is also proving useful in the testing of vari- 
ous ecological hypotheses generated from observing nature. For example, the ter- . 
restrial mesocosms pictured in Figure 2-20 were designed to evaluate the effects of 
habitat (patch) fragmentation on meadow vole (Microtus pennsylvanicus) population 
dynamics in experimental landscape patches. The results of this experiment indi- 
cated that significantly more female than male voles were found in the fragmented 
treatment of equal total habitat size, resulting in differences in the social structure of 
the meadow vole populations (R. J. Collins and Barrett 1997); the findings demon- 
strated that habitat fragmentation can have both positive and negative effects on par- 
ticular species. In the next several chapters, the ways in which microcosm and meso- 
cosm research has helped to establish and clarify basic ecological principles will be 
described. ‘ 


Spacecraft as an Ecosystem 


One way to visualize a model of an ecosystem is te think about space travel. When 
we leave the biosphere for exploration for a duration of many years, we must take 
with us a sharply delimited, enclosed environment that can supply all vital needs by 
using sunlight as the energy input from space. For journeys of a few days or weeks, 
such as to the Moon and back, we do not need a completely self-sustaining eco- 
system, because sufficient oxygen and food can be stored and CO, and other waste 
products can be fixed or detoxified for short periods. However, for long journeys, 
such as trips to the planets or to establish space colonies, we must design a regener- 
ative spacecraft that includes all vital abiotic substances and the means to recycle 
them. The vital processes of production, consumption, and decomposition must also 
be performed in a balanced manner by biotic components or by mechanical substi- 
tutes. In a very real sense, the self-contained spacecraft is a human mesocosm. 

The life-support modules for all crewed spacecraft so far launched have been stor- 
age types; in some cases, water and atmospheric gases have been partly regenerated 
by physicochemical means. The possibility of coupling humans and microorganisms, 
such as algae and hydrogen bacteria, has been considered but found unworkable. 
Large organisms—especially for food production—considerable diversity, and, 
above all, large volumes of air and water will be required for a truly regenerative eco- 
system that could survive for long periods in space without resupply from Earth (re- 
call our previous comment about the large amount of room needed by a single fish 
or human). Accordingly, something akin to conventional agricultural and other large 
plant communities will have to be included. 

The critical problem is how the buffering capacity of the atmosphere and the 
oceans, which stabilizes the biosphere as a whole, will be provided. For every square 
meter of land surface on Earth, more than 1000 cubic meters of atmosphere and al- 
most 10,000 cubic meters of ocean, plus large volumes of permanent vegetation, are 
available as sinks, regulators, and recyclers. Obviously, for living in space, some of 
this buffering work will have to be accomplished mechanically, using solar energy 

~(and perhaps atomic > energy). The National Aeronautics and Space Administration 
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(NASA) concluded, “It is a moot point whether an artificial ecosystem, totally closed 
to the entry or exit of mass, fully recycling, and completely regulated by its biological 
components can be constructed” (MacElroy and Averner 1978). However, in 1991- 
1993, an earthbound prototype mesocosm was built, financed by private funds com- 
pletely independent of NASA. Here, in brief, is the story of Biosphere-2. 


The Biosphere-2 Experiment 


To determine what really will be required to support a group of people on the 
Moon or Mars on a bioregenerative basis, an earthbound capsule called Biosphere-2 
(Biosphere-1 being Earth) was constructed in the Sonoran Desert, 50 kilome- 
ters north of Tucson, Arizona. Figure 2-21 shows the 1.27 hectare (3.24 acre), air- 
tight, glass-covered enclosure and its external supporting structures. In the fall of 
1991, eight people were sealed into the capsule, where they lived for two years with- 
out any material exchange with the outside, although they were provided with abun- 
dant energy flow (as would be required for any life-support system) and unrestricted 
information exchange (such as radio, television, and telephone). 

About 80 percent of the space inside Biosphere-2 is occupied by half a dozen nat- 
ural habitats, ranging from rain forest to desert. These habitat types provide a great 
deal of biodiversity, as it is expected that some of the species in the enclosure will 
thrive whereas others may not adapt and will be lost. Most of the remaining area (about 
16 percent, or 0.2 hectares), is occupied by crops (the agricultural wing), which feed 
the humans and a small number of domestic animals (goats, pigs, and chickens) that 
provide milk and a little bit of meat for the low-cholesterol diet of the human inhab- 
itants. The human habitat, where the eight people have their roorms—the urban area, 
as it were—is very small, about 4 percent of the space. The allotment of space was di- 
vided among the three basic environment types—natural, cultivated, and developed 
~——similar to the proportions of land use in the United States. But in Biosphere-2, 
there are no automobiles or polluting industries in the “developed area.” If there 
were—or if the population were to increase—a lot more life-supporting environ- 
ment would be needed. For additional descriptions and pictures, see J: Allen (1991). 

In the fall of 1993, the eight “biospherians” emerged from their two-year isolation 
still speaking to one another and in better health than when they went in. The com- 
plex machinery that maintained air and water circulation and recycling, heating and 
cooling, and so on worked quite well. Incoming solar energy was sufficient to main- 
tain the labor-intensive food gardens, including banana plants im tubs located in 
sunny spots.throughout the enclosure. However, total photosynthesis was not quite 
enough to maintain the oxygen—carbon dioxide balance: during the last six months, 
oxygen had to be added to prevent “altitude sickness.” Apparently, the reduction of 
light by the glass, unusually cloudy weather outside, and the-rich organic soil, 
brought in for the agricultural wing, combined to reduce production and increase 
Consumption of oxygen more than anticipated (Severinghaus et al. 1994). 

Some scientists criticized the Biosphere-2 experiment as not being “real science” 
because the crew members were not scientists but people who were selected for their 
ability to work together, grow all of their own food, and control the devices, and for 
their willingness to live at subsistence level for two years. The crew, for example, had 
to spend about 45 percent of their waking hours on growing and preparing food, 
25 percent on maintenance and repairs, 20 percent on communication, and 5 per- 
cent on small research projects, which left little time (5 percent) for relaxation and 








Figure 2-21. Photographs of Bio- 
sphere-2, an experimental bioregen- 
erative mesocosm and its supporting 
structures. (A) The 1.3-hectare, glass- 
enclosed space combines natural and 
artificial systems and controls. For two 
years, 1991-1993, eight people lived in 
isolation in the capsule with energy in- 
puts (solar and fossil fuels) and infor- 
mation exchanges. Oxygen had to be 
added during the last six months of the 
study because total photosynthesis was 
not enough to maintain the oxygen- 
carbon dioxide balance (Severinghaus 
et al. 1994). (B) The greenhouse en- 
closure contains life-support environ- 
ments .including rain forest, savanna/ 
ocean/marsh, desert, intensive agricul- 
ture, and human habitat. 
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recreation. Viewed as an exercise in human ecology and environmental engineering, 
the experiment was a success. Most of all, it demonstrated how difficult and expen- 
sive it will be to maintain human life in space without continuous resupply from 
Earth. This mesocosm approach also demonstrated the benefits of natural ecosystem 
services supplied to human societies (Daily et al. 1997). Unfortunately, the future 
of Biosphere-2 as an experimental research facility (mesocosm) remains in doubt 
(Mervis 2003). 

Although we are not yet able to build a human mesocosm—and do not know 
whether we could afford it even if we knew how—enthusiasts for space colonization 
predict that during the twenty-first century, millions of people will be living in space 
colonies supported by a carefully selected biota, free from the pests and other un- 
wanted or unproductive organisms that earthbound people contend with. The suc- 
cessful colonization of the “high frontier” (according to its proponents) would permit 
the continued growth of human population and affluence long after such growth is 
no longer possible within the confines of planet Earth. Solar energy and the mineral 
wealth of moons and asteroids could be exploited to support such growth. However, 
social, economic, political, and pollution problems within such a mesocosm would 
be formidable indeed. The extent to which sociopolitical forces shape and limit hu- 
man life and growth on Earth will be considered later in this book. In any event, it is 
prudent to care for Earth for the future rather than plan to escape a dying biosphere 
by moving into space colonies. 


Ecosystem Cybernetics 


Statement 


Besides energy flows and material cycles, as briefly described in Section 1 (and in 
more detail in Chapters 3 and 4), ecosystems are rich in information networks, in- 
cluding physical and chemical communication flows that connect all parts and steer 
or regulate the system as a whole. Accordingly, ecosystems can be considered cyber- 
netic (from kybernetes = “pilot” or “governor”) in nature, but, as emphasized in Chap- 
ter 1, cybernetics above the organism level of organization are very different from 
those at the level of organisms or mechanical control devices. Control functions in 
nature are internal and diffuse (no set points) rather than external and specified (by 


-set points), as in human-engineered cybernetic devices. The lack of set-point controls 


results in a pulsing state rather than a steady state. The variance, or the degree to which 
stability is achieved, varies widely, depending on the rigor of the external environ- 
ment and on the efficiency of internal controls. It is useful to recognize two kinds of 


- stability: resistance stability (the ability to remain “steady” in the face of stress) and re- 


silience stability (the ability to quickly recover); the two may be inversely related. 


Explanation and Examples 


The elementary principles of cybernetics are modeled in Figure 2-22, which com- 
pares A, a goal-seeking automatic control. system with specified external control, as 
in a mechanical device, with B, a nonteleological system with diffuse subsystem reg- 
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Figure 2-22. Feedback control systems. (A) Model ap- Input 
A 


propriate for human-made automatic control systems and 
p Controller Ea Controlled id 


homeostatic, goal-seeking organismic systems. (B) Model 
subsystem 











appropriate for nonteleological systems, including eco- 
systems, where control mechanisms are internal and diffuse, 
involving interactions between primary and secondary sub- (Homeostatic 
systems (after Patten and Odum 1981). set points) 
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ulation. In either case, control depends on feedback, which occurs when part of the 
output feeds back as input. When this feedback input is positive (like compound in- 
terest, which is allowed to become part of the principal), the quantity grows. Posi- 
tive feedback accelerates deviation and is, of course, necessary for the growth and 
survival of organisms. However, to achieve control—for example, to prevent the 
overheating of a room or the overgrowth of a population—there must also be nega- 
tive feedback, which counteracts deviating input. The energy involved in a negative 
feedback signal can be extremely small compared with the total energy flow through 
the system, whether it be a household-controlled heating system, an organism, or an 
ecosystem. Low-energy components that have much-dmplified, high-energy feed- 
back effects are major characteristic features of cybernetic systems.. 

The science of cybernetics, as founded by Norbert Wiener (1948), embraces both 
inanimate and animate controls. Mechanical feedback mechanisms are often called 
servomechanisms by engineers, whereas biologists use the phrase homeostatic 
mechanisms to refer to organismic systems. Homeostasis (from homeo = “same,” 
and stasis = “standing”) at the organism level is a well-known concept in physiology, 
as outlined in Walter B. Cannons classic book, The Wisdom of the Body (1932). In servo- 
mechanisms and organisms, a distinct mechanical or anatomical “controller” has a 
specified “set point” (Fig. 2-22A). For example, in the familiar household heating sys- 
tem, the thermostat controls the furnace; in a warm-blooded animal, a specific brain 
center controls body temperature; and genes tightly control the growth and develop- 
ment of cells, organs, and organisms. There are no thermostats or chemostats in na- 
ture; rather, the interplay of material cycles and energy flows, along with subsystem 
feedbacks in large ecosystems, generates a self-correcting homeorhesis (rhesis = 
“flow” or “pulsing”; Fig. 2-22B). Waddington (1975) coined the term homeorhesis to 
denote the evolutionary stability or preservation of a system's flow or pulsing process 
as a pathway of change through time. The goal of homeorhesis is to keep systems al- 
tering in the same manner as they have altered in the past (Naveh and Lieberman 
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1984). Control mechanisms operating at the ecosystem level include microbial sub- 
systems that regulate the storage and release of nutrients, behavioral mechanisms, 
and predator-prey subsystems that control population density, to mention just a few 
examples. (See Engelberg and Boyarsky 1979; Patten and Odum 1981 for contrast- 
ing views on cybernetics and the “balance of nature.”) 

One difficulty in perceiving cybernetic behavior at the ecosystem level is that 
components at that level are coupled in networks by various physical and chemical 
messengers that are analogous to but far less visible than the nervous or hormonal 
systems of organisms. H. A. Simon (1973) pointed out that the “bond energies” that 
link components become more diffuse and weaker with an increase in system size and 
temporal scales. At the ecosystem scale, these weak but numerous bonds of energy 
and chemical information have been called the “invisible wires of nature” (H. T. Odum 
1971), and the phenomenon of organisms responding dramatically to low concen- 
trations of substances is more than just a weak analogy to hormonal control. Low- 
energy causes producing high-energy effects are ubiquitous in ecosystem networks 
(H. T. Odum 1996); two examples will suffice to illustrate. Tiny insects known as 
parasitic Hymenoptera account for only a very small portion (often less than 0.1 per- 
cent) of the total community metabolism in a grassland ecosystem, yet they can have 
a very large controlling effect on the total primary energy flow (production) by the 
impact of their parasitism on herbivorous insects. In a cold spring ecosystem model, 
Patten and Auble (1981) described a feedback loop in which only 1.4 percent of the 
energy input to the system is fed back.to the detrital substrate of the bacteria. In di- 
agrams of ecological systems (see Figs. 1-5, 1-6, and 1-7), this phenomenon is com- 


monly shown as a reverse loop in which a low quantity of “downstream” energy is fed 


back to an “upstream” system. This type of amplified control, by virtue of its position 
in a network, is exceedingly widespread and indicates the intricate global feedback 
structure of ecosystems. In food chains, herbivores and parasites (downstream com- 
ponents) often enhance or promote the welfare of their hosts (upstream components) 
by a feedback process known as reward feedback (Dyer et al. 1993, 1995). Through 
evolutionary time, such interactions have stabilized ecosystems by preventing “boom- 
and-bust” herbivory, catastrophic predator-prey oscillations, and so on. Although, as 
already noted, the extent of feedback control at the level of the biosphere is a con- 
troversial subject, it follows naturally from what is known at the ecosystem level. 

In addition to feedback control, redundancy in functional components also con- 
tributes to stability. For example, if several species of autotrophs are present, each 
with a different temperature operating range, the rate of photosynthesis of the com- 
munity as a whole can remain stable despite changes in temperature. l 

C. S. Holling (1973) and Hurd and Wolf (1974) have suggested that populations 
and, by inference, ecosystems have more than one equilibrium state and often return 
to a different equilibrium after a disturbance. CO, introduced into the atmosphere by 
human activities is largely but not completely absorbed by-the carbonate system of 
the sea and other carbon storage, but as the input increases, the new equilibrium 
levels in the atmosphere are higher. On many occasions, regulatory controls-emerge 
only after a period of evolutionary adjustment. New ecosystems, such asa new type 
of agriculture or new host-parasite assemblages, tend to oscillate more violently and 
are more likely to develop overgrowths than mature systems, in which the compo- 
nents have had a chance to adjust jointly to one another. 

Part of the difficulty in dealing with the concept of stability is semantic. A dic- 
tionary definition of the term stability is, for example, “the property of-a body that 
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Figure 2-23. Resistance and re- 
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under the curve (after Leffler 1978). 
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causes it, when disturbed from a condition of equilibrium, to develop forces or mo- 
ments that restore the original condition” (Merriam-Webster’s Collegiate Dictionary, 
10th edition, s.v. “stability”). This seems straightforward enough, but in practice, sta- 
bility assumes different meanings in different professions (such as engineering, ecol- 
ogy, or economics), especially when one is trying to measure and quantify it. Accord- 
ingly, confusion abounds in the literature, and a full discussion of stability theory is 
beyond the scope of this book. However, from an ecological perspective, two kinds 
of stability can be contrasted, as shown in Figure 2-23. 

Resistance stability indicates the ability of an ecosystem to resist perturbations 
(disturbances) and to maintain its structure and function intact. Resilience stability 
indicates the ability to recover when the system has been disrupted by a perturba- 
tion. Growing evidence suggests that these two kinds of stability may be mutually 
exclusive; in other words, it is difficult to develop both at the same time. Thus, a Cal- 
ifornia redwood forest is quite resistant to fire (thick bark and other adaptations), 

_ but if it does burn, it will recover very slowly or perhaps never. In contrast, Califor- 
nia chaparral vegetation is very easily burned (low resistance stability) but recovers ` 
quickly in a few years (high resilience stability). In general, ecosystems in benign 
physical environments can be expected to exhibit more resistance stability and less 
resilience stability, whereas the opposite is true in uncertain physical environments 
(see Gunderson 2000 for a review of ecological resilience). 

In summary, an ecosystem is not equivalent to an organism; because it is not un- 
der direct genetic control, an ecosystem is a supraorganismic level of organization, 
but it is not a superorganism, nor is it like an industrial complex (such as an atomic 
power plant). It does have one thing in common with organisms: built-in—although 
different—cybérnetic behavior. Because of the evolution of the central nervous sys- 
tem, Homo sapiens has gradually become the most powerful organism, at least as far 
as the ability-to modify the operation of ecosystems is concerned. The human brain 
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requires only an extremely small amount of energy to crank out all sorts of powerful 
ideas. Much of our short-term thinking has involved positive feedback that promotes 
the expansion of power, technology, and exploitation of resources. In the long term, 
however, the quality of human life and the environment will likely be degraded un- 
less adequate negative feedback controls can be established. 

In a famous essay, social critic Lewis Mumford (1967) pleaded for “quality in 
control of quantity,” which eloquently states the cybernetic principle of low-energy 
causes producing high-energy effects. So important is the role of humanity as “a 
mighty geological agent” becoming that Vernadskij (1945) suggested that we think of 
the nodsphere (from Greek nods = “mind”), or the world dominated by the human 
mind, as gradually replacing the biosphere, the naturally evolving world, which has 
existed for billions of years. Barrett (1985) reviewed the nodsystem concept and sug- 
gested that the nodsystem could serve as a basic unit for the integration of biological, 
physical, and social components within ecological systems. Although the human 
brain is a low-quantity—high-quality energy “device” with great control potential, the 
time probably has not yet come for the nodsphere of Vernadskij. When you have 
finished reading this book, you may agree that we cannot yet manage our life- 
support system, especially as proven natural processes (natural capital) work so well 
(and are so inexpensive). 


Technoecosystems 


Statement 


Current urban-industrial society net only affects natural life-support ecosystems, but 
it has created entirely new arrangements, which we term technoecosystems, that are 
competitive with and parasitic on natural ecosystems. These new systems involve ad- 
vanced technology and powerful energy sources. If urban-industrial societies are to 
survive in a finite world, it is imperative that technoecosystems interface with natu- 
ral life-support ecosystems in a more positive or mutualistic manner than is the case 
at present. 


Explanation 


As noted in Section 1 of this chapter, prior to the Industrial Revolution, humans were 
a part of—rather than apart from—natural ecosystems. In the ecosystem model of 
Figure 2-2, humans were top predators and omnivores (the terminal H box in the 
food web). Early agriculture—as is the case with traditional or pre-industrial agri- 
culture, as still widely practiced in many parts of the world—was.compatible with 
natural systems and often enriched the landscape in addition to. providing food. 
However, with the increasing use of fossil fuels and nuclear fission —energy sources 
many times more powerful than sunlight—together with the growth of cities.and the 
increase of money-based market economics, the model depicted.in-Figure 2-2 is no 
longer adequate. We need to create a model for this new technoecosystem—-a term 
suggested by pioneer landscape ecologist Zev Naveh (1982). More recently, Naveh 
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Figure 2-24. Model of the relationships between urban-industrial technoecosystems and 
natural ecosystems, including money flows. The model depicts how human-dominated techno- 
ecosystems need to be coupled with the goods and services (natural capital) provided by nat- 
ural ecosystems in order to enhance landscape sustainability. 


has used the term total human ecosystem to describe the relationship of the indus- 
trial society (the technoecosystem) to the total ecosphere (Naveh 2000). 
Figure 2-24 shows our graphic model for these new (in terms of human history) 
`- systems. Shown are the inputs of fossil fuels and uranium energy sources and of nat- 
ural resources, and the increasing outputs of air, water, and solid waste pollution, 
which are much larger and more toxic than anything that comes out of natural eco- 
systems! In Figure 2-24, we complete the model with natural ecosystems that pro- 
vide life-supporting goods and services (breathing, drinking, and eating) and that 
maintain homeorhetic global balances (sustainability) in the atmosphere, sojls, fresh- 
water, and oceans. Note that money circulates as a reverse flow between society and 
human-made systems, but not natural systems, thereby creating a vast market failure 
when society fails to pay for ecosystem services. 
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Examples 


A modern city, of course, is the major component of the fabricated technoecosystem 
—an energetic hot spot that requires a large area of low-energy density natural and 
seminatural countryside to maintain it. Current cities grow little or no food and gen- 
erate a large waste stream that affects large areas of downstream rural landscapes and 
oceans. The city does export money that pays for some natural resources, and the 
city provides many desirable cultural institutions not available in rural areas, such 
as museums and symphonies. Figure 2-25 compares a human city with a much 
lower-powered oyster reef, a natural analog to a city. Note that the energy require- 
ments for the urban technoecosystem are about 70 times greater than for the natural 
ecosystem. 

Essentially, cities can be viewed as parasites on the low-energy countryside. As 
will be discussed in Chapter 7, parasites and hosts in nature tend to coevolve for co- 
existence; otherwise, if the parasite takes too much from its host, both die. John 
Cairns (1997) has expressed hope that somehow natural ecosystems and techno- 
ecosystems will coevolve to prevent such a doomsday. Wackernagel and Rees (1996) 


A NATURAL ECOSYSTEM 


Water current over the reef 
> 


Food Reef 
-> _| organisms 
Energy 


57 kcai/m?/day 4 energy 





Side view View from above Energy flow 


TECHNOECOSYSTEM 


Air and transportation 
currents of the city 
> 
Energy in 
food and fuels 


> 





— i Food and | 
People and machinery Sewer fuel flows = 
occupations 





Side view View from above Energy flow 


Figure 2-25. Heterotrophic ecosystems. (A) One of the “cities” of nature—an oyster reef that 
is dependent on the inflow of food energy from a large area of the-surrounding environment. 
(B) A human-built technoecosystem (industrialized city} maintained by-a huge-inflow of fuel 
and food, with a correspondingly large outflow of waste-and heat. Its enesgy.requirement, on a 
per m? area basis, is about 70 times that of the reef, or about 4900 kcal/m*/day, which comes 
to about 1.5 million kcal per year (after H. T. Odum 1971). 
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12 


used the term ecological footprint to describe the impact of and resources needed by a 
city in order to provide for its citizenry in a sustainable manner. 

Especially threatening to the global life-support systems is the explosive growth 
of megacities in the developing nations, caused at least in part by the increasing dom- 
inance of another technoecosystem, industrialized agriculture, with its often excessive 
consumption of water and its use of toxic and eutrophicating chemicals. Moreover, 
these systems not only pollute, but essentially put the small farms out of business 
worldwide, relocating most of these families into the cities, which are not able to as- 
similate them at the rate that they are moving into urban areas. This situation reflects 
what engineer and former president of the Massachusetts Institute of Technology Paul 
Gray (1992) has written: “A paradox of our time is the mixed blessing of almost every 
technological development.” In other words, technology has its dark as well as its 
bright sides. Chapter 11 will discuss what can be done about these and other “over- 
shoot problems.” 


Concept of the Ecological Footprint 


Statement 


The area of productive ecosystems (crop and forest land, bodies of water, and unde- 
veloped natural areas) outside a city that is required to support life in the city is 
termed the ecological footprint of a city (Rees and Wackernagel 1994; Wackernagel 
and Rees 1996). 


Explanation 


As noted in our discussion of the technoecosystem, cities are hot spots with very large 
inputs of life-supporting goods and services and very large outputs of wastes. The 
area of the ecological footprint depends on (1) the demands of the city (affluence) and 
(2) the ability of the surrounding environment to meet these demands. 


Examples 


Folke et al. (1997) and Jansson et al. (1999) estimated that the resource consump- 
tion and waste assimilation footprint for the 27 affluent cities that ring the Baltic Sea 
was 500 to 1000 times the area of the cities themselves. The ecological footprint of 
Vancouver, Canada, located in a fertile, well-watered region, has been estimated to 
be 22 times larger than the area of the city itself. The ecological footprints of cities in 
less developed countries are much smaller. 

Luck et al. (2001) provided a good example of the differences in the ability of the 
matrix environment to provide services in their comparison of the water and food 
footprints of cities in the United States. The New York and Los Angeles metropolitan 
areas have about the same human population density, but the water footprint of Los 
Angeles i is twice and the food footprint four times as large as that of New York, which 
is located in a much wetter area. The water footprint of Phoenix, Arizona, located 
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in the desert, includes half of the neighboring states if irrigation water demand is’ 
included. 

The footprint concept can also be applied per capita. For example, the ecélogical 
footprint of an individual citizen of the United States is estimated to be 5.1 hectares 
per person; of a citizen of Canada, 4.3 hectares per person; and of a citizen of India, 
0.4 hectares per person (Wackernagel and Rees 1996). If highly developed countries 
would reduce their excessive resource and energy consumption, then international 
conflicts and terrorists threats would likely be reduced. For example, the United 
States, with 4.7 percent of the world’s human population, consumes 25 percent of the 
world’s energy resources. Schumacher (1973) noted that “small is beautiful”; we sug- 


. gest that “small ecological footprints” should be perceived as beautiful as well. 


Classification of Ecosystems 


Statement 


Ecosystems can be classified by either structural or functional characteristics. Vegeta- 
tion and major structural physical features provide the basis for the widely used 
biome classification (a term discussed in detail in Chapter 10). An example of a use- 
ful functional scheme is a classification based on the quantity and quality of the en- 
ergy input “forcing function.” 


‘Explanation 


Although the classification of ecosystems is not to be considered a discipline in itself, 
unlike the classification of organisms (taxonomy), the human mind seems to require 
some kind of orderly categorization when it comes to dealing witha large variety of 


“entities, like information in a library. Ecologists have not agreed upon any one clas- 


sification for ecosystem types, or even on what would be a proper basis for it. How- 
ever, many approaches serve useful purposes. 

Energy provides an excellent basis for a functional classification; as it is a major 
common denominator for all ecosystems, natural and human-managed.alike. Con- 
spicuous, ever-present structural macrofeatures are the basis for the widely used 
biome classification. In terrestrial environments, vegetation usually provides such a 
macrofeature that “integrates,” as it were, the flora and fauna with climate, water, and 
soil conditions. In aquatic environments, where plants are often inconspicuous, an- 
other dominant physical feature, such as “standing water,” “running water,” “marine 
continental shelf,” and so on, usually provides a basis-for recogmizing major types of 
ecosystems, 


. Ww 
Examples S IIN. /k 
An energy-based classification of ecosystems will be discussed in-detail after the ba- 


sic laws of energy behavior are outlined in Chapter 3: A classification: based on bi- 
omes and global ecosystem types will be illustrated in Chapter 10. These. 21 major 


University Library, 
Kurt. “sira University 
KUR Lorie TRA. 





a eia oe MR ROP tae 


76 CHAPTER 2 The Ecosystem 


Table 2-7 


a e ES E OTT Aa a ee SLE AT RE BEN 
Major ecosystem types of the biosphere 


ET eS HE a I TL SH IED STE II I IE EE TES PEE BIS ETRE 
Marine ecosystems Open ocean (pelagic) 


Continental shelf waters (inshore water) 


Upwelling regions (fertile areas with productive 
fisheries) 


Deep sea (hydrothermal vents) 


Estuaries (coastal bays, sounds, river mouths, salt 
marshes) 





Freshwater ecosystems Lentic (standing water): lakes and ponds 
Lotic (running water): rivers and streams 
Wetlands: marshes and swamp forests 





Terrestrial ecosystems Tundra: arctic and alpine 
Boreal coniferous forests 
Temperate deciduous forests 
Temperate grassland 
Tropical grassland and savanna 
Chaparral: winter rain-summer drought regions 
Desert: herbaceous and shrub 


Semi-evergreen tropical forest: pronounced wet and 
dry seasons 


Evergreen tropical rain forest 





Domesticated ecosystems Agroecosystems 
Plantation forest and agroforest systems 


Rural technoecosystems (transportation corridors, 
small towns, industries) 


Urban-industrial technoecosystems (metropolitan 
districts) 


RE ELE SS a SEESE AAA E ESEE EE DEER 2S PE ID BA TE TI 


. 


types of ecosystems represent the matrix in which humans embedded their civiliza- 
tions (Table 2-7). Marine ecosystem types are based on structure and function of ma- 
rine systems; terrestrial ecosystem types are based on natural or native conditions of 
vegetation; aquatic ecosystem types are based on geological and physical structures; 
and domestic ecosystem types depend on the goods and services provided by natural 
ecosystems. 
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Fundamental Concepts Related to Energy: 
The Laws of Thermodynamics 


Statement 


Energy is defined as the ability to do work. The behavior of energy is described by 
the following laws: The first law of thermodynamics, or the law of conservation of 
energy, states that energy may be transformed from one form into another but is nei- 
ther created nor destroyed. Light, for example, is a form of energy; it can be trans- 
formed into work, heat, or potential energy of food, depending on the situation, but 
none of it is destroyed. The second law of thermodynamics, or the law of entropy, 
may be stated in several ways, including the following: No process involving an en- 
ergy transformation will spontaneously occur unless there is a degradation. of energy 
from a concentrated form into a dispersed form. For example, heat in a hot object will 
spontaneously tend to become dispersed into the cooler surroundings. The second 
law of thermodynamics may also be stated as follows: Because some energy is always 
dispersed into unavailable heat energy, no spontaneous transformation of energy 
(sunlight, for example) into potential energy (protoplasm, for example) is 100 per- 
cent efficient. Entropy (from en = “in” and trope = “transformation’) is a measure of 
the unavailable energy resulting from transformations; the term is also used as a gen- 
eral index of the disorder associated with energy degradation. 

Organisms, ecosystems, and the entire ecosphere possess the following essential 
thermodynamic characteristic: They can create and maintain a high state of inter- 
nal order, or a condition of low entropy (a low amount of disorder). Low entropy is 
achieved by continually and efficiently dissipating energy of high utility (light or 
food, for example) into energy of low utility (heat, for example). In the ecosystem, or- 
der in a complex biomass structure is maintained by the total community respiration, 
which continually “pumps out disorder.” Accordingly, ecosystems and organisms are 
open, non-equilibrium thermodynamic systems that continuously exchange energy 
and matter with the environment to decrease internal entropy but increase external 
entropy (thus conforming to the laws of thermodynamics). 


Explanation 


The fundamental concepts of thermodynamics outlined in the preceding paragraph 
are the most important of the natural laws that apply to all biological cr ecological 
systems. So far as is known, no exceptions—and no technological innovations—can 
break these laws of physics. Any system of humankind or nature that does not con- 
form to them is indeed doomed. The two laws of thermodynamics are illustrated by 
the energy flow through an oak leaf as shown in Figure 3-1. 

Various forms of life are all accompanied by energy changes, even though no en- 
ergy is created or destroyed (first law of thermodynamics). The energy that reaches 
the surface of Earth as light is balanced by the energy that leaves the surface of Earth 
as invisible heat radiation. The essence of life is the progression of such changes as 
growth, self-duplication, and the synthesis of complex combinations of matter. With- 
out the energy transfers that accompany all such changes, there could be no life and 
no ecological systems. Humankind is just one of the remarkable natural prolifera- 
tions that. depend on the continuous inflow of concentrated energy. 
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Figure 3-1. Energy flow though an oak OAK LEAF 
leaf, illustrating the two laws of thermo- (Energy conversion system) 
dynamics. First law—conversion of energy Solar rays, A, 100 units 


from the Sun, A, to food energy (sugar; (Dispersed form of energy) 


C) by photosynthesis (A.= B + Ç}. Sec- 
ond law~C is always less than A because 


of heat dissipation, B, during the conver- t 
sion process. TSR 





AW Sugars, C, 2 units 
AA (Concentrated energy) 


Heat, B, 98 units 
(Dispersed form of energy) 


Ecologists understand how light is related to ecological systems and how energy 
is transformed within the system. The relationships between producer plants and 
consumer animals, between predators and prey, not to mention the numbers and 
kinds of organisms in a given environment, are all limited and controlled by the flow 
of energy from concentrated to dispersed forms. Ecologists and environmental en- 
gineers are now using natural ecosystems as models in an attempt to design more 
energy-efficient human-built systems to transform fossil fuel, atomic energy, and 
other forms of concentrated energy in industrial and technological societies. The 
same basic laws that govern nonliving systems, such as automobiles or computers, 
also govern all types of ecosystems, such as agroecosystems. The difference is that liv- 
ing systems use part of their internally available energy for self-repair and for “pump- 
ing out” disorder; machines have to be repaired and replaced by the use of external 
energy. In their enthusiasm for machines and technology, some forget that a consid- 
erable amount of energy resources must be reserved at all times for reducing the en- 
tropy created by their operation. 

When light is absorbed by some object, which becomes warmer as a result, the 
light energy has been transformed into another kind of energy: heat energy. Heat en- 
ergy comprises the vibrations and motions of the molecules that make up an object. 
The differential absorption of the rays from the Sun by land and water causes hot and 
cold areas, leading to the flow of air, which may drive windmills and perform work, 
such as the pumping of water against the force of gravity. In this case, light energy 
changes into heat energy on the land surface of Earth, then into kinetie energy of 
moving air, which accomplishes the work of raising water. The energy is not de- 
stroyed by the lifting of the water; instead, it becomes potential energy, because the 
latent energy inherent in having the water elevated can then be transformed into 
some other type of energy by allowing the water to fall back down to its original level. 

As indicated in earlier chapters, food resulting from the photosynthesis of green 
plants represents potential energy, which changes into other forms of energy when 
the food’is used by organisms. Because the amount of one type of energy is always 
equivalent in quantity (but not in quality) to another type into which it is transformed, 
we can calculate one from the other. Energy that is “consumed” is not actually used 
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up. Rather, it is converted from a state of high-quality to a state of low-quality energy 
(we will discuss the concept of high-quality energy later in this chapter). Gasoline in 
the tank of an automobile is indeed used up as gasoline; however, the energy in the 
tank is not destroyed but converted into forms no longer usable by the automobile. 

The second law of thermodynamics deals with the transfer of energy toward an 
ever less available and more dispersed state. As far as the solar system is concerned, 
the ultimate dispersed state is one in which all energy ends up in the form of evenly 
distributed heat energy. This degradation process has often been spoken of as “the 
running down of the solar system.” 

At present, Earth is far from that stable state of energy, because vast potential en- 
ergy and temperature differences are maintained by the continual influx of energy 
from the Sun. However, the process of going toward the stable state is responsible for 
the succession of energy changes that constitute natural phenomena on Earth. The 
situation is rather like that of a person on a treadmill; that person never reaches the 
end of the treadmill, but the effort to do so results in well-defined physiological and 
health-related processes. Thus, when the energy of the Sun strikes Earth, it tends to 
be degraded into heat energy. Only a very small portion (less than 1 percent) of the 
light energy absorbed by green plants is transformed into potential or food energy; 
most of it goes into heat, which then passes out of the plant, the ecosystem, and the 
ecosphere. The rest of the biological world obtains its potential chemical energy from 
the organic substances produced by plant photosynthesis or microorganism 
chemosynthesis. An animal, for example, takes the chemical potential energy of food 
and converts a large part of it into heat in order to enable a small part of the energy 
to be reestablished as the chemical potential energy of new protoplasm. At each step 
in the transfer of energy from one organism to another, a large part of the energy is 
degraded into heat. However, entropy is not all negative. As the quantity of available 
energy declines, the quality of the remainder may be greatly enhanced. 

__ Over the years, many theorists (Brillouin 1949, for example) were bothered by 
the fact that the functional order maintained within living systems seemed to defy the 
second law of thermodynamics. Ilya Prigogine (1962), who won the Noble Prize for 
his work in non-equilibrium thermodynamics, resolved this apparent contradiction 
by showing that self-organization and the creation of new structures can and do oc- 
cur in systems that are far‘from equilibrium and have well-developed “dissipative 
structures” that pump out the disorder (see Nicolis and Prigogine 1977). The respi- 
ration of the highly ordered biomass is the “dissipative structure” in an ecosystem. 

~ Although entropy in the technical sense relates to energy, the word is also used 
in a broader sense to refer to the degradation of matter. Freshly made steel represents 
a low-entropy (high-utility) state of iron; the rusting frame of an automobile rep- 
resents a high-entropy (low-utility) state. Accordingly, a high-entropy civilization 
is characterized by degrading energy, such as dilapidating infrastructures (rust- 
ing pipes, rotting wood) or eroding soil. Constant repair is one of the costs of high- 
energy civilizations. 

The basic units of energy quantity a are presented in Table 3-1. There are two 
classes of basic units: potential energy units, independent of time (Class A), and power 
or rate units, with time built into the definition (Class B). Interconversions of power 
units must take account of the time unit used; thus, 1 watt = 860 cal/h. Of course, 
Class A units become power units if a time period is included (for example, BTU per 
hour, day, or year), and power units can be converted back to energy units by “mul- 
tiplying out” the time unit (as in the case of KWh). 








Table 3-1 


a ca FE NES MS EGE AT 
Units of energy and power and some useful ecological approximations 


SL A I EAE SE ES TITS NP MRA TSE 


(A) Units of potential energy 





Unit (abbreviation) Definition 

calorie or gram-calorie the heat energy required to raise the temperature of 

(cal or gcal) 1 cubic centimeter of water by 1 degree Centigrade 
(at 15° C) 

kilocalorie or kilogram- the heat energy needed to raise the temperature of 

calorie (kcal) 1 liter of water by 1 degree Centigrade (at 15° C) = 


1000 calories 


British thermal unit (BTU) the heat energy needed to raise the temperature of 
ï 1 pound of water by 1 degree Fahrenheit 


joule (J) the work energy required to raise 1 kilogram to a height of 
10 centimeters (or 1 pound to approximately 9 inches) = 
0.1 kilogram-meters 


foot-pound the work energy required to raise 1 pound to a height of 
1 foot 
kilowatt-hour (KWh) the amount of electric energy delivered in 1 hour by a con- 


stant power of 1,000 watts = 3.6 X 10° joules 





(B) Units of power (energy-time units) 
Unit (abbreviation) Definition 


watt (W) the standard international unit of power = 1 joule per sec- 
ond = 0.239 cal per second; also the amount of electrical 
power delivered by a current of 1 ampere across a poten- 
tial difference of 1 volt 


horsepower (hp) 550 foot-pounds per second = 745.7 watts 





(C) Reference values (averages or approximations) 


Dry weight Ash-free 


Constituent (kcal/g) dry weight (kcal/g) 
Food 
Carbohydrates 4.5 
‘Proteins : 5.5 
Lipids 9.2 
Biomass* 
Terrestrial plants (total) 45 «46 
Seeds only 5.2 5.3 
Algae . 49 5.1 
Invertebrates (excl. insects) 5.0 55 
Insects . 5.4 5:7 


Vertebrates : 5.6 6:3 
l (continued) 
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Table 3-1 











(continued) 

Daily food requirement 
Species (kcal/g live body weight) 
Human 0.04 
Small bird or mammal 1.0 
Insect - , 0.5 





(D) Energy content of fossil fuels (round figures) 


Unit of fuel “Energy content 

1 gram coal 7.0 kcal = 28 BTU 

1 pound coal 3200 kcal = 12.8 X 10° BTU 

1 gram gasoline 11.5 kcal = 46 BTU 

1 gallon gasoline 32,000 kcal = 1.28 x 10° BTU 

1 cubic foot natural gas 250 kcal = 1000 BTU = 1 therm 
1 barrel crude oil (45 gallons) 1.5 X 10° kcal = 5.8 X 10° BTU 





*Because most living organisms are two thirds. or more water and minerals, 2 kcal/g live (wet) 
weight is a very rough approximation for biomass in general. 


t= 40 kcal/kg = about 3000 kcal/day for a 70-kg adult 


The transfer of energy through the food chain of an ecosystem is termed the 
energy flow because, in accordance with the law of entropy, energy transformations 
are “one way,” in contrast to the cyclic behavior of matter. Later in this chapter, the 
portion of the total energy flow that passes through the living components of the 
ecosystem will be analyzed. Furthermore, energy quality, net energy, eMergy, and an 
energy-based classification of ecosystems will be studied to demonstrate that energy 
is a common denominator for all kinds of systems, whether natural or designed by 
humans. 


_ Solar Radiation and the Energy Environment 


Statement 


Organisms at or near the surface of Earth are constantly irradiated by solar radiation 
and by long-wave thermal radiation from nearby surfaces. Both contribute to the cli- 
matic environment (temperature, evaporation of water, movement of air and water). 
Solar radiation reaching the surface of Earth consists of three components: visible 
light and two invisible components, shorter-wave ultraviolet and longer-wave infrared 
(Fig. 3-2). Because of its dilute, dispersed nature, only a very small fraction (at most 
5 percent) of visible light can be converted by photosynthesis into the much more 
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concentrated energy of organic matter for the biotic components of the ecosystem. 
Extraterrestrial sunlight reaches the ionosphere at a rate of 2 gcal + cm~? + min™! (the 
“4 -solar constant) but is attenuated exponentially as it passes through the atmosphere; 
A at most, 67 percent (1.34 gcal- cm~% -min™?) may reach the surface of Earth at sea level 
at noon on a clear summer day. Solar radiation is greatly altered as it passes through 
cloud cover, water, and vegetation. The daily input of sunlight to the autotrophic 
layer of an ecosystem averages about 300 to 400 gcal/cm? (= 3000 to 4000 kcal/m?) 
for an area in the North Temperate Zone, such as the United States. The variation in 
total radiation flux between different strata of the ecosystem, and from one season or 
site to another on the’surface of Earth, is enormous, and the distribution of individ- 
ual organisms responds accordingly. 








Explanation 


In Figure 3-3, the spectral distribution of extraterrestrial solar radiation, coming in 
at a constant rate of 2 gcal-cm~?+min™!, is compared with (1) the solar radiation ac- 
tually reaching sea level on a clear day; (2) the sunlight penetrating a complete over- 
cast (cloud light); and (3) the light transmitted through vegetation. Each curve repre- 
sents the energy incident on a horizontal surface. In hilly or mountainous country, 
south-facing slopes receive more solar radiation and north-facing slopes receive less 
4 solar radiation than do horizontal surfaces; this results in striking differences in local 
climates (microclimates) and composition of vegetation. 

Radiation penetrating the atmosphere is attenuated exponentially by atmospheric 
gases and dust, but to varying degrees depending on the frequency or wavelength. 
Short-wave ultraviolet radiation below 0.3 um is abruptly terminated by the ozone 
layer in the outer atmosphere (at, about 18 miles or 25 km altitude), which is fortu- 
nate, because such radiation is lethal to exposed protoplasm. This is why there is 
great concern regarding the relationship of decreasing ozone (due to chemical degra- 
dation by chloroflugrocarbons) and increased risk of skin cancer. Absorption in the 
atmosphere broadly reduces visible light and irregularly. reduces infrared radiation. 
The radiant energy reaching the surface of Earth on a clear day is about 10 percent 
ultraviolet, 45 percent visible, and 45 percent infrared. The visible radiation is least 
attenuated as it passes through dense cloud cover and water, which means that pho- 
tosynthesis (which is restricted to the visible range) can continue on cloudy. days and 
at some depth in clear water. Vegetation absorbs the blue and red visible wavelengths 
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Figure 3-3. Spectral distribution of extraterrestrial solar radiation, of solar radiation at sea. 
level on a clear day, of sunlight from a complete overcast, and of sunlight penetrating a stand 
of vegetation and diffuse light from the sky scattered by air molecules as distinguished from the 
direct radiation from the sun. Each curve represents the energy incident on a horizontal surface 
(from Gates 1965). 


and the far infrared strongly and the green less strongly, but the near infrared very 
weakly. Because the green and near infrared are reflected by vegetation, these spec- 
tral bands are used in aerial and satellite remote sensing and photography to reveal 
the patterns of natural vegetation, condition of crops, presence of diseased plants, 
and disturbed landscapes. 

Thermal radiation, the other component of the energy environment, comes from 
any surface or object at a temperature above absolute zero. This includes not only 
soil, water, and vegetation, but also clouds, which contribute a substantial amount of 
the heat energy radiated downward into ecosystems. For example, temperatures on 
a cloudy winter night often remain higher than on a clear night. The “greenhouse 
effect” of re-radiation and heat retention will be considered in greater detail in Chap- 

, ter 4 in connection with the role of increased CO, in global climate change. The long- 
wave radiation fluxes, of course, are incidental at all times and come from all direc- 
tions, whereas the solar component is directional (except for the blue and UV light 
scattered by the atmosphere) and is present only during the daytime. Thermal ra- 
diation is absorbed by biomass to a greater degree than is solar radiation. Thus, its 
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daily variation is of greater ecological significance. In places like deserts or alpine 
Tundra, the daytime flux is much greater than the nighttime flux, whereas in deep 
water or in the interior of a tropical forest (and, of course, in caves), the total radia- 
tion environment may be practically constant throughout the 24-hour period. Water 
and biomass tend to reduce fluctuations in the energy environment and, thus, make 
conditions less stressful for life—ariother-example of stress mitigation at the eco- 
system level. 

Although the total radiation flux determines the conditions of existence for or- 
ganisms, the integrated direct solar radiation to the autotrophic stratum—the energy 
of the Sun received by green plants over days, months, and the year—is of greater 
interest for productivity and the cycling of nutrients within the ecosystem. This solar 
energy input drives all biological and ecological systems. Table 3-2 shows the aver- 
age daily solar radiation received each month in five regions of the United States. In 
addition to latitude and season, cloud cover is a major factor, as shown in the com- 
parison between the humid Southeast and the arid Southwest. A range between 100 
and 800 gcal “cm~? » day’ would represent most of Earth’s surface most of the time. 
except in the polar regions or in arid tropical regions. There, conditions are so ex- 
treme that little biological output is possible. Therefore, for most of the biosphere, 


Table 3-2 


Solar radiation received regionally over the United States per unit horizontal surface 





August 

September 

October 

November 

December 

Mean gcal- cm~? + day’ 


Mean kcal - m7? + day~! 
(round figures) 


Estimated kcal «m~? year”! 


(round figures) 


Average Langleys (gcal/cm?) per day 


Northeast Southeast Midwest Northwest Southwest 
125 200 200 150 275 
225 275 275 225 375 
300 350 375 350 500 
350 475 450 475 600 
450 550 525 . 550 675 
525 550 575 600 700 
525 550 600 650 700 
450 500 525 550 600 
350 425 425 450 550 
250. 325 325 275 400° 
125. 250 225 175 300 
. 125 200 175 125 250 
317. 388 390 381 494 
3200 3900 3900. 3800 4980: 


1.17 x 10° 1.42 x 10° 1.42 x 108 1.39 x 10° 1.79 x 10° 





Source: Reifsnyder and Lull 1965. 
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Table 3-3 Energy dissipation of solar radiation as 
percentages of annual input into the biosphere 





Energy Percentage 
Reflected 30.0 
Direct conversion to heat 46.0 
Evaporation precipitation 23.0 
Wind, waves, and currents 0.2 
Photosynthesis 0.8 





Source: Hulbert 1971. 


the radiant energy input is on the order of 3000 to 4000 kcal - m“? - day"' and 
1.1 to 1.5 million kcal- m~? + year™?. 
The solar component is usually measured by solarimeters. Instruments that : 
measure the total flux of energy at all wavelengths are termed radiometers. The net 
radiometer has two surfaces, upward and downward, and records the difference be- 
tween solar and thermal energy fluxes. Airplanes and satellites equipped with ther- 
mal scanners can quantitatively sense heat rising from the surfaces of Earth. Pictures 
generated from such imagery show the “heat islands” of cities, the location of water 
bodies, contrasting microclimates (as in north- and south-facing ravines), ahd many 
other useful aspects of the energy environment. Cloud cover interferes with this kind 
of remote sensing much less than it does with visual imagery. 
The fate of solar energy coming into the biosphere is summarized in Table 3-3. 
Although less than 1 percent is converted into food and other biomass, the 70 per- 
cent or so that goes into heat, evaporation, precipitation, wind, and so on is not 
wasted, because these fluxes create a livable temperature and drive the weather sys- 
tems and water cycles that are necessary for life on Earth. Although energy from tides 
and the internal heat of Earth may provide useful local sources of energy for humans, 
little is available globally. An abundance of heat exists deep inside Earth (so-called 
geothermal energy), but to tap it would require very energy-expensive deep drill- 
ing in most parts of the world. However, in the deep sea rifts, there are unique geo- 
thermally powered natural ecosystems, as described in Chapter 2 





3 Concept of Productivity 


Statement 


The primary productivity of an ecological system is defined as the rate at which ra- 
diant energy is converted by the photosynthetic and chemosynthetic activity of pro- 
ducer organisms (chiefly green plants) to organic substances. It is important to dis- 
tinguish the four successive steps in the production process as follows: 
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1. Gross primary productivity (GPP) is the total rate of photosynthesis, including 
the organic matter used up in respiration during the period of measurement. This 
is also known as total photosynthesis. 


2. Net primary productivity (NPP) is the rate of storage of organic matter in plant 
tissues that exceeds the respiratory use, R, by the plants during the period of mea- 
surement. This is also termed net assimilation. In practice, the amount of plant res- 
piration is usually added to measurements of net primary productivity to esti- 
mate gross primary productivity (GPP = NPP + R). 


3. Net community productivity is the rate of storage of organic matter not used by 
heterotrophs (that is, net primary production minus heterotrophic consumption) 
during the period under consideration, usually the growing season or a year. 


4, Finally, the rates of energy storage at consumer levels are referred to as second- 
ary productivities. Because consumers use only food materials already produced, 
with appropriate respiratory losses, and convert this food energy to different tis- 
sues by one overall process, secondary productivity should not be divided into 
gross and net amounts. The total energy flow at heterotrophic levels, which is 
analogous to the gross productivity of autotrophs, should be designated assimila- 
tion and not production. 


In all these definitions, the term productivity and the phrase rate of production may 
be used interchangeably. Even when the term production designates an amount of ac- 
cumulated organic matter, a time element is always assumed or understood (for in- 
stance, a year in agricultural crop production). Thus, to avoid confusion, one should 
always state the time interval. In accordance with the second law of thermodynam- 
ics, the flow of energy decreases at each step due to the heat loss occurring with each 
transfer of energy from one form to another. 

High rates of production, in both natural and cultured ecosystems, occur when 
physical factors are favorable, especially when energy subsidies (suchas fertilizers) from 
outside the system enhance growth or rates of reproduction within the system. Such 
energy subsidies may also be the work of wind and rain in a forest, tidal energy in an 
estuary, or the fossil fuel, animal, or human work energy used in cultivating a crop. 
In evaluating the productivity of an ecosystem, one must consider the nature and 
magnitude not only of the energy drains resulting from climatic, harvest, pollution, 
and other stresses that divert energy away from the production process but also of the 
energy subsidies that enhance it by reducing the respiratory heat loss-(the “disorder 
pump-out”) necessary to maintain the biological structure. 


Explanation 


The key word in the preceding definitions is rate. The-time-clement—that is, the 
amount of energy fixed in a given time—must be considered. Biological productiv- 
ity thus differs from yield in the chemical or industrial sense. In industry, the reaction 
ends with the production of a given amount of material: in biological communities, 
the production process is continuous in time, so a time unit must-be designated (the 
amount of food manufactured per day or per year, for example). Although.a highly 
productive community may have more organisms than a less productive community, 
’ this is not so if organisms in the productive community are-removed.or “turn over” 
rapidly. For example, a fertile pasture being grazed by livestock is likely 10 have a 
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much smaller standing crop of grass than a less productive pasture not being grazed 
at the time of measurement. Biomass or standing crop present at any given time should 
not be confused with productivity. Students of ecology often confuse these two quanti- 
ties. Usually, one cannot determine the primary productivity of a system or the pro- 
duction of a population component simply by counting (or censusing) and weighing 
the organisms present at any one moment, although net primary productivity can be 
estimated from standing crop data when living materials accumulate over a period of 
time (such as a growing season) without being consumed (as in cultivated crops, for 
example). 

Only about half of the total radiant energy of the Sun is absorbed, and at most 
about 5 percent (10 percent of the energy absorbed) can be converted by gross pho- 
tosynthesis under the most favorable conditions. Then, plant respiration appreciably 
reduces—usually by about 20 to 50 percent—the food available for heterotrophs. 

During the peak of the growing season, especially during long summer days, as 
much as 10 percent of the total daily solar input may be converted into gross pro- 
duction, and from.65 up to 80 percent of this may remain as net primary production 
during a 24-hour period. Even under the most favorable conditions, however, these 
high daily rates cannot be maintained over the annual cycle, nor can they achieve 
such high yields over large areas of farmland, as is evident when they are compared 
with the annual yields actually obtained nationwide and worldwide (see Tables 3-4 
and 3-5). Annual primary production varies widely in different kinds of ecosystems 
as will be detailed in the next section. The relationship between gross and net pro- 
ductivity in natural terrestrial vegetation varies with latitude, as shown in Figure 3-4. 
The percentage of gross productivity that becomes net primary production is high- 
est at cold latitudes and lowest at hot latitudes, presumably because more respiration 
is required to maintain the biomass in the Tropics. 

The other way in which humans increase food production does not necessarily 
involve an increase in gross productivity, but rather the genetic selection for an in- 
crease in the food-to-fiber ratio or harvest ratio. For example, a wild rice plant may 
put 20 percent of its net production into seeds (enough to ensure its survival), 
whereas a cultivated rice plant is bred to put as much as possible (50 percent or more) 
into seeds—the edible part. This grain-to-straw dry weight ratio has been increased 
severalfold in most crops. The downside is that the engineered plant does not have 
much energy available to produce anti-herbivore chemicals (in order to defend it- 
self), so more pesticides have to be used in the cultivation of highly bred varieties. 

What has been termed the Green Revolution involves the genetic selection for 
engineered crop varieties with high harvest ratios that are adapted to respond to mas- 
sive energy, irrigation, and nutrient subsidies. Those who think that developed coun- 
tries can upgrade the agricultural production of less developed countries by supply- 
ing seeds and agricultural recommendations do not realize that the less developed 

. countries cannot afford the necessary energy subsidies. Thus, the Green Revolution 
so far has benefited the economically rich countries more than the economically poor 
countries (Shiva 1991). This situation is documented in a dramatic way in Figure 3-5, 
which compares the trends in agricultural production (since 1950) of those countries 
with the highest production with those countries having the lowest production of 
three major food crops: corn, wheat, and rice. The yields have increased two- to 

` threefold in the economically rich countries (United States, France, and Japan) but 
barely at all in the economically poor countries (India, China, and Brazil). 

In the 1960s, plant geneticists developed new varieties of wheat and rice that gave 














Table 3-4 


Table 3-5 





Estimates of NPP and plant biomass in major ecosystems 





Net primary 
productivity per unit Biomass per unit 
area (g ' m™*- year") area (kg/m*) 
Area Normal Normal 

Ecosystem type (108 km’) range Mean range Mean 
Tropical rain forest 17.0 1000-3500 2200 6-80 45 
Tropical seasonal 
forest 7.5 1000-2500 1600 6-60 35 
Temperate’ evergreen 
forest 5.0 600-2500 1300 6-200 35 
Temperate deciduous 
forest 7.0 600-2500 1200 6-60 30 
Boreal forest 12.0 400-2000 800 6-40 20 
Woodland and 
scrubland 8.5 250-1200 700 2-20 6 
Savanna 15.0 200-2000 900 0.2-15 4 
Temperate grassland 9.0 200-1500 600 0.2-5 1.6 
Tundra and alpine 8.0 10-400 140 0.1-3 0.6 
Desert and 
semidesert shrub 18.0 10-250 90 0.1-4 0.7 
Extreme desert, rock, 
sand, and ice 24.0 0-10 3 0-0.02 0.02 
Cultivated land 14.0 100-3500 650 0.4-12 1 
Swamp and marsh 2.0 800-3500 2000 3-35 15 
Lake and stream 2.0 100-1500 250 0-0.1 0.02 
Total continental 149 773 1837 
Open ocean 332.0 2-400 125 0-0.005 0.003 
Upwelling zones 0.4 400-1000 500 0.005-0.1 0.02 
Continental shelf 26.2 200-600 360 0.001-0.04 0:01 
Algal beds and reefs 0.6 500-4000 2500 0.04—4 2 
Estuaries 1.4 200-3500 1500 0.01-60 1 
Total marine 361 152 0.01 
Full total 510 333 





Source: Based on Whittaker 1975. 


Two estimates of global net primary production in petagrams 
of carbon/year (1 Pg = 10" g or 10° tons) 





Study Land Ocean Total. 


Whittaker and Likens 1973 57.5 275 =| 85.0 
Field et al: 1998 56.4 48.5 . 104.9 
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Figure 3-4. Variation by latitude in the percentage of gross 
primary production (GPP) that ends up as net primary pro- 80 
duction (NPP) in natural vegetation. The trend is from less than 
50 percent in equatorial regions to 60 to 70 percent at high 
latitudes (graphic model based on data from E. Box 1978). 
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; . yields two to three times those of traditional varieties. Indeed, Norman Borlaug re- 


ceived the Nobel Prize in 1970 for his leadership in the development of these new va- 
rieties. This advance in crop breeding was heralded as the beginning of the Green 
Revolution. It was poorly understood at that time that the need for an increased use 

` of subsidies (such as optimal fertilization and irrigation) that had to accompany these 
new varieties would negate many of their benefits. This is one of several examples 
where discoveries judged worthy of Nobel Prizes resulted in unanticipated environ- 
mental consequences at a later date. 

To take another example, Fritz Haber, a German chemist, received the Nobel 
Prize in 1918 for his discovery of a catalytic process (termed the Haber process) for 
synthesizing ammonia from nitrogen and hydrogen. Currently, the human alteration 
of the global nitrogen cycle is one of the major environmental problems confronting 
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society (Vitousek, Aber, et al. 1997). Likewise, the discovery of the pesticide DDT 
during World War II helped to control mosquitoes and thereby greatly reduced the 
number of human deaths caused by malaria. In fact, the benefits of DDT seemed so 
tremendous that Paul Muller, a Swiss chemist, was awarded the Nobel Prize in 1948 
for its discovery. Proponents of the widespread use of DDT (and other chlorinated 
hydrocarbon pesticides) failed to understand the long-term ramifications of this dis- 
covery (such as the biological magnification of these compounds up the food chain). 
It was not until 1962 that Rachel Carson's Silent Spring (R. Carson 1962) brought at- 
tention to and began to document the ecological effects of these large-scale biocide 
applications. The message is that what appears to be a breakthrough discovery at one 
point in time may result in major ecological consequences at a later point in time. 


Concept of Energy Subsidy 


High rates of primary production in both natural and cultivated ecosystems occur 
when physical factors (such as water, nutrients, and climate) are favorable, and es- 
pecially when auxiliary energy from outside the system reduces maintenance costs 
(enhances disorder dissipation). Any such secondary or auxiliary energy that supple- 
ments the Sun and allows plants to store and pass on more photosynthate is termed 
an auxiliary energy flow or energy subsidy. Wind and rain in a rain forest, tidal en- 
ergy in an estuary, and fossil fuel used in the cultivation of crops are examples of en- 
ergy subsidies; all of these enhance production by plants and also benefit animals 
adapted to make use of auxiliary energy. For example, tides do the work of bringing 
nutrients to marsh grass and food to oysters, as well as taking away waste products, 
so the organisms do not have-to expend energy for these jobs, and can use more of 
their production for growth (another example of natural capital at work). 

High productivity and high net—gross productivity ratios in crops are maintained 
by large inputs of energy involved in cultivation, irrigation, fertilization, genetic se- 
lection, and pest control. The fuel used to power farm machinery is just as much an 
energy input as sunlight; it can-be measured as calories or. horsepower diverted to 
heat in the performance of the work of crop maintenance. In the United States, the 
energy subsidy input into agriculture increased tenfold between 1900 and the 1980s, 
from about 1 to 10 calories input per calorie of food harvested (see Steinhart and 
Steinhart 1974; Tangley 1990; Barrett 1990, 1992). The relationship between inputs 
of fossil fuels, fertilizers, pesticides, and work energy needed to produce 1 calorie of 
food energy is shown in Figure 3-6; the doubling of crop yield requires: approxi- 
mately a tenfold increase in all these inputs. Genetic selection for food-to-fiber ratio 
is the other way in which crop yields have been increased. The ratio of grain-to-straw 
dry weight for wheat and rice, for example, has been increased from 50 percent to 
almost 80 percent during the past century. 

H. T. Odum -was one of the first ecologists to state the vital relationships among 
energy input, selection, and agricultural productivity. He-wrote-the following: 


In a real way the energy for potatoes, beef, and plant produce of intense agricul- 
ture is coming in large part from the fossil fuels rather than-from the-Sun. The 
food we eat is partly made of oil.. 


High temperatures (and high water stress) generally require a plant ic expend 
more of its gross production energy in respiration. Thus, it costs more-to maintain 
the plant structure in hot climates, although C, plants have evolved a plrotosynthesis 
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i Figure 3-6. Change over time in the 
amount of energy subsidies used in the 12 


food system in the United States to ob- 
tain one food calorie output (after Stein- 
hart and Steinhart 1974). 
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cycle that partly circumvents this restraint imposed by hot and dry climates. The gen- 
eral relationship between gross and net production of natural vegetation as a func- 
tion of latitude was shown in Figure 3-4. These ratios apply to C; crops such as rice 
as well. 

Natural communities that benefit from natural energy subsidies (that is, from nat- 
ural capital; Daily et al. 1997) are those with the highest gross productivity. The role 
of tides in coastal estuaries and marshes benefiting from an optimal tidal or other wa- 
ter flow subsidy has about the same gross productivity as an intensively farmed Iowa 
cornfield (see Table 3-4 for compatisons). 

As a general principle, the gross productivity of cultivated ecosystems does not 
exceed that found in nature. We do, of course, increase productivity by supplying 
water and nutrients in areas where those are limiting (such as deserts and grasslands). 
Most of all, however, we increase net primary and net community production through 
energy subsidies that reduce both autotrophic and heterotrophic consumption and 
thereby increase the harvest. 

There is one other important point to be made about the general concept of en- 
ergy subsidy. A factor under one set of environmental conditions or at a low level of 
intensity may act as an energy subsidy but under other environmental conditions or 
at a higher level of input can act as an energy drain that reduces productivity. For ex- 
ample, flowing water systems, such as those in Silver Springs, Florida (H. T. Odum 
1957), tend to be more fertile than standing water systems, but not if the flow is too 
abrasive or irregular. The gentle ebb and flow of tides in a salt marsh, a mangrove es- 
tuary, or a coral reef contributes tremendously to the high productivity of these com- 
munities, but strong tides crashing against a northern rocky shore subjected to ice in 
winter and heat in summer can be a tremendous drain. Swamps and riverine forests 
subjected to regular flooding during the winter and early spring dormant period have 
a much higher production rate than those flooded continually or for long periods in 
the growing season. 
In agriculture, tilling the soil helps i in a Temperate Deciduous biome, but not in 
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the Tropics, where the resulting rapid leaching of nutrients and loss of organic mat- 
ter can severely stress subsequent crops. The trend toward no-till agriculture as a way 
of reducing these drains was noted in Chapter 2. Finally, certain types of pollution, 
such as treated sewage, can act as a subsidy or as a stress depending on the rate and 
periodicity of their input. Treated sewage released into an ecosystem at a steady but 
moderate rate can increase productivity, but massive, irregular dumping can almost 
completely destroy the ecosystem as a biological entity. 


The Subsidy-Stress Gradient 


A factor that under one set of environmental conditions or input level acts as a sub- 
sidy can under another set of environmental conditions or at a higher input level act 
as an energy drain or stress that reduces productivity. Too much of a good thing (too 
much fertilizer, too many cars) may be as serious a stress as too little, as humans of- 
ten belatedly come to realize. The concept of a subsidy-stress gradient is illustrated 
in Figure 3-7. If the input or perturbation (from perturbare = “to disturb”) is poison- 
ous, the response will be negative at any input level. If, however, the input involves 
usable energy or materials, productivity or other measures of performance may be 
enhanced, as explained in the previous subsection. As the level of subsidy input in- 
creases, the ability of the system to assimilate it can reach saturation; performance 
will then decline, as shown in the model. For example, a small amount of nitrogen 


Figure 3-7. Subsidy-stress gradient curves. (A) General- A 
ized curve showing how increasing inputs of energy or mate- 

rials can bring about a deviation from the normal operating 

range, N. If the input is usable, basic functions, such as pro- Sub 
ductivity, may be enhanced (subsidy effect; Sub) at moderate 

levels of input and then depressed with increasing inputs § «§ | '- +44 =+~-~----~--- ~~~ 
(stress effect; St). If the input is toxic, functions will be de- N 
pressed, with the likelihood that the community will be either 
replaced by a more tolerant one or eliminated altogether. 
R = replacement; L = lethal. (B) Subsidy-stress effects of in- R 
creasing nitrogen fertilization on a corn crop (phosphorus fer- 

tilizer remaining constant). Solid line = efficiency curve, kcal L 
return (harvest) per unit of input. Broken line = yield curve, 
kg/hectare. Note that the efficiency curve peaks at a lower 

rate of fertilization than the yield curve (after Pimentel et al. B 
1973). 
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fertilizer applied to a lawn will increase growth and improve the health of the lawn; 
too much nitrogen fertilizer will metabolically “burn up” the lawn or kill the grass 
(for information on ecological lawn care, see Bormann et al. 2001). As the subsidy 
begins to turn into stress, the variance increases, as shown by the error bars in Fig- 
ure 3-7, and the system begins to oscillate out of control until replaced by another 
system more tolerant of the perturbation or until viable life is no longer possible. 

In summary, just about everything that civilization does has a mixed effect on the 
natural environment and on the quality of human life. Humans can enrich as well as 
degrade the environment. Very frequently, this is a matter of temporal and spatial 
scale. We often enhance ecosystem response or quality at low levels of input but de- 
grade both function and quality at high levels of input. A little bit of heat, CO, or 
phosphate may increase the productivity of a body of water if these inputs are limit- 
ing under natural conditions, but large amounts of these same inputs may depress 
basic functions, adversely affecting particular species and reducing water quality for 
human use. 

Humans rarely recognize when increasing returns of scale (which most econo- 
mists like to talk about) turn to decreasing returns of scale (which most economists 
do not like to talk about). In other words, most humans have difficulty determining when 
enough is enough. 


Concept of Source-Sink Energetics 


A corollary to energy subsidy is the concept of source-sink energetics, in which ex- 


_ cess organic production by one ecosystem (a source) is exported to another, less pro- 
’ ductive ecosystem (a sink). For example, a productive estuary may export organic 


matter or organisms to less productive coastal waters in a process termed outwelling. 
Accordingly, the productivity of an ecosystem is determined by the rate of produc- 
tion within it, plus that received as an import, or minus that exported from a source 
system. At the species level, one population may produce more offspring than are 
needed to maintain it, with the surplus moving to an adjacent population that other- 
wise would not be self-sustaining (Pulliam 1988). Also, at the population level, the 
metapopulation concept, as discussed in Chapters 6 and 9, is based on the observa- 
tion that the survival of a species in a small landscape patch (semi-isolated from other 
similar habitats) may depend more on the immigration and emigration of individu- 
als into and out of the patch than on births and deaths within the patch. 


The Distribution of Primary Production 


The vertical distribution of primary production on land and in the sea, and its rela- 
tion to biomass, are illustrated in Figure 3-8. The rates of net primary productivity 
(g+ m~?» year” ') in a temperate deciduous forest and in the ocean can be compared 
in Table 3-4. The forest, in which turnover (ratio of biomass to production) is mea- 
sured in years, is compared with the sea, in which turnover is measured in days. Even 
if one considers only the green leaves, which compose 1 to 5 percent of the total for- 
est biomass, as comparable to the phytoplankton, the replacement time would still 
be much longer in the forest. In the more fertile inshore waters, primary production 
is concentrated in the upper 30 meters or so; in the clearer but poorer waters of the 
open sea, the primary production zone may extend down to 100 meters or more. 
This is why coastal waters appear dark greenish and ocean waters blue. In all waters, 


~ the peak of photosynthesis tends to occur just under the surface, because the circu- 
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lating phytoplankton are shade-adapted and are inhibited by full sunlight. In the for- 
est, where the photosynthetic units (the leaves) are permanently fixed in space, tree- 
top leaves are sun-adapted, and understory leaves are shade-adapted (that is, larger 
and greener). l l 
The attempt to estimate the rate of organic production, or primary productivity, 
: of the.world’s solar-powered natural systems has an interesting history. In 1862, the 
pioneer agricultural chemist and plant nutritionist Baron Justus von Liebig based an 
estimate of the dry-matter production of the global land area on a single sample of a 
green meadow, Interesting enough, Liebig’s estimate of approximately 10°! metric 
tons per year is very close to Lieth and Whittaker’ estimate of 118 X 10° tons a year 
for continental areas (see Primary Productivity of the Biosphere, Lieth and Whittaker 
1975). Gordon Riley (1944) overestimated ocean productivity by basing his estimate 
on measurements in fertile inshore waters. Not until the 1960s, after the introduction 
of the carbon-14 measurement technique, was the low productivity of most of the 
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Figure 3-9. World distribution of primary production in terms of annual gross production 
(10% kcal m~? yr~') of major ecosystem types (after E. P. Odum 1963). 


open ocean recognized. Because the oceans cover about 2.5 times the area of the land 
on Earth, it was natural to assume, as Riley did, that marine ecosystems fixed more 
total solar energy than did terrestrial systems. Actually, the land outproduces the sea, 
perhaps by as much as five to one (see Table 3-4). 

A comparison of the latitudinal distribution of land and ocean production is shown 
in Figure 3-9. For the estimated mean values for large areas, productivity varies by 
about two orders of magnitude (100-fold), from 200.to 20,000 kcal - m™?- year™!, and 
the total gross production of the world is on the order of 10"* kcal /year. 

A very large part of Earth is in the low-production category because either water 
(in deserts and grasslands) or nutrients (in the open ocean) are strongly limiting. Nat- 
urally fertile areas (that is, areas that receive natural energy subsidies) are found 
chiefly in river deltas, estuaries, coastal upwelling areas, areas of rich glacial till, and 
wind-transported or volcanic soils in regions of adequate rainfall. 

For all practical purposes, a level of 50,000 kcal - m~ + year™! can be considered 
the upper limit for gross photosynthesis. Most agriculture shows low annual pro- 
ductivity, because annual crops are productive for less than half the year. Double 
cropping (that is, raising crops that produce throughout the year) can approach the 
gross productivity of the best of natural communities. Recall, however, that net pri- 
mary production will average about 60 percent of gross productivity and that the 
“yield to humankind” of crops will be one third or less of the gross productivity. The 
support system for photosynthesis (cells, leaves, stems, and roots) and respiration of 
the total biomass, including microbes that decompose organic matter and recycle nu- 
trients, is energy expensive! 


Human Use of Primary Production 


Vitousek et al. (1986) estimated that although only about 4 percent of terrestrial net 
production is used directly by humans and domestic animals for food, some 34 per- 
cent mote is co-opted by humanity, in that it is part of nonedible production (such 
as lawns) or is destroyed by human activities (such as the clearing of tropical forests). 
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A similar estimate of 41 percent appropriated by humans has been made by Haberi 
(1997). Estimates of this sort are difficult to make and are subject to revision, but it 
would seem that as humankind enters the twenty-first century, at least 50 percent of 
terresttial net production and most aquatic net production remains for life-support 
goods and services (that is, natural capital) and to support all organisms with which 
we share Earth. 

As of the year 2000, the estimated 6.1 billion people in the world each required 
about 1 million kcal per year, or a total of 6 X 10’° kcal of food energy needed to 
support the human biomass. The food estimated to be harvested worldwide is in- 
adequate because of poor distribution, waste, and low protein quality. Only about 
1 percent of food comes from the sea, and most of that is of animal origin (the small 
size and rapid turnover of phytoplankton preclude the accumulation of harvestable 
biomass). Because overfishing has become a worldwide phenomenon, obtaining more 
food from the sea seems out of the question. Aquaculture is responsible for much of 
the seafood and fish in today’s markets. As already noted, the gap between rich and 
poor countries in food production has increased during the past half century (see 
Fig. 3-5), because some countries cannot afford the energy subsidies necessary to 
support high-yield genetic varieties. 

Yields and estimated net primary production (NPP) of the major food crops in 
some developed and less developed countries are compared with world averages in 
Table 3-6. A developed country is defined as a country with a per capita gross national 


Table 3-6 
Annual yield (net primary production) of edible portion of major food crops 
at four levels of protein content and two levels of energy subsidy 


i 
Harvest weight (kilograms/hectare) 


: : 








Developed country Underdeveloped country 

(with fuel-subsidized agriculture) (with littie energy subsidy) World average. 
Crops Country 1970 1990 1997 Country 1970 1999 1997 1970 1990 1997 
a ee i A 
Sugars* United 9210 7940 7620 Pakistan 4250 4160 4350 5480 6160 6380 
(< 1 per- States 
cent protein) 
Rice Japan 5630 6330 6420 Bangladesh 1690 2570 2770 2386 3540 3820 
(10 per- 
cent protein) 
Wheat -Netherlands 4550 7650 8370 Argentina 1330 1900 2520. i500 2566 2670 
(12 per- 
cent protein) 
Soybeans Canada 2090 2610 2580 India 438 1020 955 1486. 1900 2180 
(30 per- 


cent protein) 

Sa NSD 
Note: Figures are rounded-off averages from the FAO Production Yearbook 1997. Yields of basic food crops: have-leveied: off. with veryiittie 
increase (or sometimes decrease) since 1990, but the difference between rich and poor countries remains wide-and the world average re- 
mains closer to the levels of underdeveloped rather than of developed nations. 


“Sugar is estimated as 10 percent of the harvest weight of the sugarcane, as reported in the Yearbook. 
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product (GNP) of more than $8000. About 30 percent of all people live in such coun- 
tries, which also tend to have a low rate of population growth (1 percent per year or 
less). In contrast, 65 percent of the world’s people live in underdeveloped countries, 

4 which have a per capita GNP of less than $300, often less than $100, and also have 
a high population growth rate (more than 2 percent per year). Underdeveloped coun- 
tries have low food production per hectare because they cannot afford the energy 
subsidies necessary for high yields. These two masses of humanity are sharply di- 
vided—that is, the distribution of per capita income and production per unit area is 
strongly bimodal. 

Figure 3-10 illustrates a natural, unsubsidized, solar-powered ecosystem or land- 
scape including energy inputs (rain and sunlight), natural by-products (carbon diox- 
ide and water runoff), yield (net primary production), and energy loss or respiration 
(entropy or heat loss from the system). This is a model for natural systems such as 
forests, grasslands, or organic farming 

Let us now contrast Figure 3-10 with Figure 3-11, which represents a human- 
subsidized, solar-powered ecosystem or landscape in which, in addition to rain and 
solar energy inputs, large amounts of fossil fuels, fertilizers, and chemical pesticides 
enter as inputs. In addition to natural by-products, unnatural by-products “leak” 
from the system frequently, requiring significant sums of money and energy re- 
sources to clean up. Interestingly, even the yield or net primary production of the 
human-subsidized system is subsidized, in the form of government subsidies or š 
monetary resources. Only the second law of thermodynamics (degraded energy) is 
not subsidized in this model (Fig. 3-11). Humankind, because of its limited under- 
standing of how natural ecosystems operate, might even try to subsidize the second 
law, except that it is an impossible task! 

Cropland has increased about 15 percent worldwide during recent years, but in 
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Figure 3-10. Diagram depicting a natural, unsubsidized, solar-powered ecosystem. 
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Figure 3-11. Diagram depicting a human-subsidized, solar-powered agricultural.system in 
the Western world, based on solar, fossil fuel, and material subsidy inputs and outputs. 


Europe, the United States, and Japan, the harvested area has decreased. Less devel- 
oped countries have increased their food supply as much by increasing the land area 


„under cultivation as by increasing yields. If such a trend continues, more and more 


marginal land will be cultivated at increasing cost and risk of environmental degra- 
dation. Furthermore, protein content, rather than total calories, tends to limit the 
diet in the underdeveloped nations. Under equivalent-conditions, the yield of a high- 
protein crop, such as soybean, must always be: less (in total calories) than that of a 
carbohydrate crop, such as sugar (see Table 3-6). It should also be noted that pota- 
toes give a higher yield but have a lower protein content.than grains. 

There are still other uses of primary production, namely for fiber (such as cotton) 
and fuel. For more than half the world’s population, wood is the chief fuel used for 


- cooking, heating, and light industry. In the poorest countries, wood is burned much 


faster than ‘it can be grown, so- forests are turned into shrublands and then into 
deserts. The shortage-of firewood'has been referred to as the “other energy crisis” (oil, 
of course, is the energy-crisis.most talked about). In the African-countries of Tanza- 
nia and Gambia; per capita wood fuel consumption is about-1.5 tons.per year, and 
99 percent of the population uses wood as fuel. 

In North America and other regions with large standing .stocks-of vegetation, 
more people: have become interested in using bioruass, both. fronr forestvand agri- 
cultural lands; as fuel to supplement or replace dwindling supplies of petroleum, 
which is a nonrenewable resource: Among the options available are (1) planting fast- 
growing trees (pines, sycamores; poplars, among others) harvested on short rotation 
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(clear-cut and replanted in 10 years or less), the so-called “fuel forests”; (2) using 
limbs and other parts of trees not suitable for lumber or paper, which are now left in 
the woods to decompose; (3) reducing pulp demand by recycling paper, and using 
pulp wood instead for heating dwellings and generating electricity; (4) using agri- 
cultural plant and animal wastes (manure) to produce methane gas or alcohol; and 
(5) growing crops such as sugarcane and corn specifically for alcohol production to 
be used to fuel internal combustion engines. 

Converting high-quality food such as corn to alcohol fuel does not satisfy eco- 
logical logic to date. Several studies (Hopkinson and Day 1980, for example) have 
shown that as much or more high-quality energy is required to produce the alcohol: 
as the alcohol itself yields, resulting in little or no net energy gain. Brown (1980) es- 
timated that it would take 8 acres (3.2 ha) to grow enough grain to fuel an automobile 

. for one year, whereas such an area could feed 10 to 20 people. For the most part, 
gasohol (mixture of gasoline and alcohol) is being marketed in the grain belt of the 
United States because there is frequently a surplus of grain that is neither eaten (by 
humans or animals) nor sold on the world market (the hungry cannot buy). Such a 
situation is not likely to continue. From the holistic, long-term viewpoint, the use of 
primary production as fuel could replace only a small portion of our current petro- 
leum use, as biomass production worldwide amounts to only about } percent of to- 
tal solar radiation. 

The human impact on the biosphere may be seen in another way. Human den- 
sity is now one person to about 2.37 hectares (6 acres) of land. When domestic ani- 
mals are included, the density is one population equivalent to about 0.65 hectare. 
This is less than 2 acres for every person and person-equivalent domestic animal con- 
sumer. If the population doubles during the twenty-first century, and if humans wish 
to continue to consume and use animals, there will be only about 1 acre (0.4 ha) to 
supply all the needs (water, oxygen, minerals, fibers, biomass fuels, living space, and 
food) of each 50-kilogram consumer, this does not include the pets and wildlife that 
contribute so much to the quality of human life. Most agroecologists believe that too 
much emphasis has been placed on the monoculture of annuals. It makes ecological 
and common sense to consider diversifying crops, establishing multiple cropping 
systems, adopting limited till procedures (less disturbance of soil structure), and in- 
creasing the use of perennial species. Scientists at The Land Institute located near 
Salina, Kansas, for example, are devoting much thought and research to the feasibil- 
ity of harvesting native perennial species on the prairie lands of the Midwest. Native 
prairies are multi-species ecosystems that replenish the fertility of the soils, have 
deeper roots to build the soil, and are better buffered against nature’s vagaries (Pimm 
1997). As such natural, unsubsidized systems and landscapes could be turned to 
“agricultural ends,” as scientists such as Wes Jackson believe, they would have great 
promise to prevail as time-sustainable agriculture. For more on the relationships 
between energy and food production, see NRC (1989), Barrett (1990, 1992), Soule 
and Piper (1992), Pimm (1997), Jackson and Jackson (2002), and E. F. Odum and 
Barrett (2004). 





Productivity and Biodiversity: A Two-Way Relationship 


In low-nutrient natural environments, an increase in biodiversity seems to enhance 
productivity, as indicated by experimental research in grasslands (Tilman 1999). 
However, in high-nutrient or enriched environments, an increase in productivity in- 
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creases dominance and reduces biodiversity. In other words, a biodiversity increase 
may increase productivity, but a productivity increase almost always decreases bio- 
diversity-—a two-way street. Furthermore, nutrient enrichment (for example, eutro- 
phication, nitrogen fertilization, and runoff) brings on noxious weeds, exotic pests, 
and dangerous disease organisms, because these kinds of organisms are adapted to 
and thrive in high-nutrient environments (E. P. Odum and Barrett 2000). 

When coral reefs are subjected to human-induced nutrient enrichment, we ob- 
serve an increase in the dominance of smothering, filamentous algae and the appear- 
ance of previously unknown diseases, either of which can quickly destroy these di- 
verse ecosystems that are so beautifully adapted to low-nutrient waters. Another 
example is the red tide that results in periodic massive fish death in Florida estuar- 
ies. The red tide microorganism, a dinoflagellate, produces a toxin, presumably as 
a self-defense against being eaten. At its normal density, not enough toxin is being 
produced to adversely affect fish, but when estuaries become polluted, the dino- 
flagellate population sometimes “blooms” (sudden large increase in abundance) re- 
sulting in mass dying of fish. 

It may be stretching this principle too far, but we can suggest that humans, in 
their efforts to increase productivity to support increasing numbers of people and do- 
mestic animals (which in turn excrete huge amounts of nutrients into the environ- 
ment) are causing a worldwide eutrophication that is the greatest threat to ecosphere 
diversity, resilience, and stability—essentially a “too much of a.good thing” syn- 
drome. Global warming, which results from CO, enrichment of the atmosphere, is 
_ one aspect of this overall perturbation, whereas nitrogen enrichment is increas- 
ingly responsible for worldwide disorder in both aquatic and terrestrial environments 
(Vitousek, Aber, et al. 1997). We have here a dilemma or paradox, in which our ef- 
forts to feed and produce market goods and services for ever-increasing numbers of 
people is becoming a major threat to the diversity and quality of our environment. 


Chlorophyll and Primary Production 


Gessner (1949) observed that the amount of chlorophyil “per square meter” tends to 
be similar in diverse communities. This finding indicates that the content of the green 
pigment in whole communities is more uniform than in individual plants or plant 
parts. The whole is not only different from the parts, but it cannot be explained 
by them alone. Intact communities containing various plants—young and old, sun- 
lit and shaded—are integrated and adjusted, as fully as local factors allow, to the 
-incoming solar energy, which, of course, impinges on the ecosystem on a “square- 
meter” basis. 

Shade-adapted plants or plant parts tend to have a higher concentration-of chlo- 
rophyll than light-adapted plants or plant parts; this property enables them to trap 
and convert as many scarce light photons as possible. Consequently, the use of sun- 
light is highly efficient in shaded systems, but the photosynthetic yield and the as- 
similation ratio are low. Algal cultures grown in weak light in the laboratory often be- 
come shade-adapted. The high efficiency of such shaded systems has sometimes been 
mistakenly projected to full-sunlight conditions by those who would feed hu- 
mankind from mass cultures of algae. However, when the light input is increased to 
increase yield, the efficiency goes down, as it does in any other kind of plant. 
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Ecological Pyramids 


Relationships between numbers, biomass, and energy flow (metabolism) at the biotic 
community level can be shown graphically by‘ecological pyramids, in which the 
first or producer trophic level forms the base, and the successive trophic levels form 
the tiers. Some examples are shown in Figure 3-12. Number pyramids are frequently 
inverted (base smaller than one or more upper tiers) when individual producer or- 
ganisms are much larger than the average consumers, as in temperate deciduous for- 
ests. Biomass pyramids, on the other hand, tend to be inverted when individual pro- 
ducers are much smaller than the average consumers, as in aquatic communities 


A PYRAMID OF NUMBERS 
(Individuals [exclusive of microorganisms and soil animals] per 0.1 hectare) 


C3 =1 








Grassland Temperate forest 
(summer) (summer) 

B PYRAMID OF BIOMASS 
i (g/m?) 

C; =21 
P=4 
English Wisconsin Georgia Eniwetok 
Channel i lake old field coral reef 


p PYRAMID OF ENERGY 


(kcal m-2 yr-1) 





Silver Springs, Florida 


Figure 3-12. Ecological ‘pyramids of (A) numbers, (B) biomass, and (C) energy in diverse 
ecosystem types. P= producers; C, = primary consumers; C, = secondary consumers; 
Cs = tertiary consumers; and S = saprotrophs (bacteria and fungi). Grassland plant data 
from F. C. Evans and Cain (1952); temperate forest data from Elton (1966) and Varley (1970); 
English Channel data from Harvey (1950); Wisconsin Lake data from Juday (1942); Georgia 
old-field data from E. P. Odum (1957); coral reef data from H. T. Odum and E. P. Odum (1955); 
and Silver Springs data from H. T. Odum (1957). 
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Cake. SE NN SS I Oe oT ERE 
Density, biomu ss, and energy flow of six primary consumer populations 
differing in the size o% individuals composing the population 


PL AT I FE TR E EE YE I TE 





Energy flow 
Approximate Biomass (kcal> m=? > 
Population density (no./m’) (g/m?) day") 
Soil bacteria 10" 0.001 1.0 
Marine copepods (Acartia) 10° 2.0 2.5 
Intertidal snails (Littorina) 200 10.0 1.0 
Salt marsh grasshoppers (Orchelimum) 10 1.0 0.4 
Meadow mice (Microtus) 10°? 0.6 0.7 
Deer (Odocoileus) ` 10 1.1 0.5 





Source: E. P. Odum 1968. 


dominated by planktonic algae. As dictated by the second law of thermodynamics, 
however, the energy pyramid must always have a true upright shape — provided all 
sources of food energy are considered. 

Accordingly, energy flow provides a better basis than numbers or biomass for 
comparing ecosystems and populations with one another. Table 3-7 lists estimates of 
density, biomass, and energy flow rates for six populations differing widely in size of 
individual and in habitat. In this series, numbers vary by 17 orders of magnitude 
(10'’), biomass varies by about five orders of magnitude (10°), whereas energy flow 
varies only about fivefold. The similarity of energy flows indicates that all six popu- 
lations are functioning at approximately the same trophic level (primary consumers), 
even though neither numbers nor biomass indicate this similarity. The ecological rule 
for this would be as follows: Numbers overemphasize the importance of small organisms, 
and biomass overemphasizes the importance of large organisms. Hence, neither can be 
used as a reliable criterion for comparing the functional role of populations that dif- 
fer widely in size-metabolism relationships, although of the two, biomass:is generally 
more reliable than numbers. Thus, energy flow provides a more suitable index for com- 
paring any and all components of an ecosystem. 

The activities of decomposers and other small organisms may bear very litle re- 
lation to the total numbers or biomass present at any one moment. For example, a 
15-fold increase in dissipated energy resulting from the addition of organic matter to 
soil may be accompanied by less than a twofold increase in the number of bacteria 
and fungi. In other words, these small organisms merely turn over faster when they 
become more active; they do not increase their standing crop biomass proportionally 
as do large organisms. Trophic structure appears to be a fundamental property that 
tends to be reconstituted when a particular community is acutely perturbed. 

When an ecosystem is continuously stressed (in contrast to acutely stressed), how- 
ever, the trophic structure is likely.to be altered as the biotic components adapt to the 
chronic perturbation, as, for example, occurred in the Great Lakes as a result of con- 
tinuous pollution during the 1960s and 1970s. 











104 CHAPTER 3 Energy in Ecological Systems 


Figure 3-13. Leaf traps and weather- 
monitoring instrumentation at the Hub- 
bard Brook Experimental Site in the 
White Mountains of New Hampshire. 





Courtesy of Nicholas Rodenhouse 


Measurement of Primary Production 


Before we leave the subject of ecological production, we should comment on the dif- 
ficulties of measurement. Primary production is best estimated by measuring gaseous 
exchange— oxygen production or carbon dioxide uptake. This is most easily done in 
water. In standing water (ponds, lakes, oceans), measuring the diurnal changes in 
oxygen concentration, as in the light-and-dark bottle experiment described in Chap- 
ter 2, can be used to estimate both gross and net production. In flowing waters, the 
upstream-downstream method, involving diurnal measurement of oxygen change at 
points upstream and downstream, is often effective. Measuring changes in CO, with. 
the radioactive isotope '*C is widely used, especially in marine environments. 

Measuring gaseous exchanges is much more difficult on land. Measuring the gra- 
dient in CO, concentration of the air from the ground to the top of the vegetation, as 
was first tried by Transeau (1926) in a cornfield and by Woodwell and Whittaker 
(1968) in a forest, is widely used today, especially with crops. It is very difficult to 
measure gross production in large-biomass ecosystems such as forests because it is 
impractical to try to put the whole forest in a transparent bag or tent (which would 
have to be cooled, as the air in the bag would heat up rapidly!), although this has been 
tried on individual trees or limbs. Accordingly, most productivity measurements on 
land vegetation are estimates of net production obtained by summing annual leaf, 
trunk, and root growth. For a class exercise, collecting leaf fall with large boxes 
placed on the forest floor provides a simple method of measuring species diversity 
and estimating productivity if one takes into consideration latitudinal variations in 
(1) the ratio of leaves to wood production; and (2) the ratio of gross to net produc- 
tion. For the North Temperate Zone, the ratio of annual leaf fall to net production is 
about 1 to 4 g/m”. Figure 3-13 shows leaf traps and a weather station at the Hubbard’ 
Brook Experimental Site in the White Mountains of New Hampshire. 

Very close estimates of primary production on large landscapes, regions, and 
globally are obtained by combining remote sensing of the color of the landscape by 
satellite with “ground truth” measurements. Thus, a bright green terrestrial landscape 
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or dark green water indicates very productive ecosystems. On land, yellow-green in- 
dicates moderate levels and brown very low levels of productivity. Clear blue water 
indicates low productivity. Quantitative values are obtained by matching color with 
local quantitative measurements on the surface. Aerial or satellite infrared photogra- 
phy is also often effective. The brighter the infrared, the more productive the land- 
scape. Again, such remote sensing must be calibrated by actual quantitative measure- 
ment on the ground. 


A Universal Energy Flow Model 


What is the basic component of an energy flow model? Figure 3-14 presents what 
might be termed a universal model—one that is applicable to any living compo- 
nent, whether it be plant, animal, microorganism, individual, population, or trophic 
group. Linked together, such graphic models can depict food chains (Fig. 3-15) or 
the bioenergetics of an entire ecosystem. In Figure 3-14, the shaded box represents 
the living, standing crop biomass of the component. Although biomass is usually 
measured as some kind of weight (living or “wet” weight, dry weight, or ash-free 
weight), biomass should be expressed in calories, so that the relationships between 
the rates of energy flow and the instantaneous or average standing crop biomass can 
be established. The total energy input or intake is indicated by I in Figure 3-14. For 
strict autotrophs, this is light, and for strict heterotrophs, it is organic food. 

The concept of trophic level is not primarily intended for categorizing species. 
Energy flows stepwise through the community according to the second law of ther- 
modynamics, but a given population of a species may be (and very often is) involved 
in more than a single trophic level. Therefore, the universal model of energy flow il- 
lustrated in Figure 3-14 can be used in two ways. The model can represent a species 
population, in which case the appropriate energy inputs and links with other species 
would be shown as a conventional, species-oriented food web diagram (see Fig. 3-15), 





Figure 3-14. Components of a model of ecological en- 
ergy flow. / = input (or ingestion); NA = not assimilated (or 
egestion); A = assimilated energy; P = production; R = res- 
piration; G = growth and reproduction; B = standing crop 
biomass; S = stored energy; and E = excreted energy. 
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Figure 3-15. Simplified energy flow diagram depicting three trophic levels in a linear food 
chain. Standard notations for successive energy flows are as follows: L, = light absorbed by 
plant cover; GPP = gross primary production; A = total assimilation; NPP = net primary pro- 
duction; SP = secondary (consumer) production; NU = energy not consumed by next trophic 
level; E = energy not assimilated by consumers (egested); / = input (or ingestion); B = stand- 
ing crop biomass; and R = respiration. Bottom line in the diagram shows the order of magni- 
tude of energy losses expected at major transfer points, starting with a solar input of 4000 kcal 
per square meter per day. 


or the model can represent a discrete energy level, in which case the biomass and 
energy channels represent all or part of many populations supported by the same 
energy source. Foxes, for example, usually obtain part of their food by eating plants 
(such as fruit) and part by eating herbivorous small mammals (such as rabbits or field 
mice). A single box diagram could be used to represent the whole population of foxes 
if intrapopulation energetics were to be stressed. Figure 3-16 is an energy flow dia- 
gram for the red fox (Vulpes vulpes) fed a diet of rabbits under penned conditions 
(Vogtsberger and Barrett 1973). All values are expressed in kcal/kg body weight per 
day. On the other hand, two or more boxes would be employed should the inetabo- 
lism of the fox population be divided into two trophic levels according io the pro- 
portion of plant and animal food consumed. In this way, the fox popwiation can be 
; placed into the overall pattern of energy flow at the community or ecosystem level. 
So much for the question of the source of the energy input. Not all of the input 
into the biomass of an organism, population, or trophic level is transformed; some of 
it may simply pass through the biological structure, such as when food is egested 
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from the digestive tract without being metabolized or when light passes through veg- 
etation without being fixed. This energy component is indicated by NU (not used) or 
NA (not assimilated; see Fig. 3-14). That portion used or assimilated is indicated by 
A in the diagram. The ratio between A and I (that is, the efficiency of assimilation) 
varies widely. It may be very low, as in light fixation by plants or food assimilation by 
detritus-feeding animals, or very high, as when animals or bacteria consume high- 
energy food such as sugars or amino acids. In autotrophs, the assimilated energy, A, 
is, of course, the gross primary production or gross photosynthesis. The analogous 
component (the A component) in heterotrophs represents food ingested minus food 
egested (feces). Therefore, the term gross primary production should be restricted to auto- 
trophic production. - = 

A key feature of the model is the separation of assimilated energy, A, into the P 
and R components. That part of the fixed energy, A, that is burned and lost as heat is 
designated respiration, R; that portion transformed to new or different organic matter 
is designated production, P. Thus, P represents net primary production in plants and 
secondary production in animals. Secondary production (SP) in consumer individ- 
uals is composed of tissue growth and litters of new individuals. The P component is 
energy available to the next trophic level, whereas the NU or nonassimilated compo- 
nent (such as feces) enters the detritus food chain (that is, material such as feces be- 
comes available to be broken down by bacteria and fungi). 

The ratio between P and R and between the standing crop biomass, B, and 
R varies widely and is ecologically significant. In general, the proportion of energy 
going into respiration (maintenance energy) is large in populations functioning at 
higher trophic levels and in communities with a large standing crop biomass. R in- 
creases when a system is stressed (E. P. Odum 1985). Conversely, the P component 
is relatively large in active populations of small organisms, such as bacteria or algae; 
in youthful, rapidly growing communities; and in systems benefiting from energy 
subsidies. The relevance of P/R ratios to food production for humans will be noted in 
Chapter 8. 


Figure 3-16. Energy flow diagram for the red fox (Vulpes 200 +9 
vulpes). All values expressed as kcal per kg body weight per 
day. (From Vogtsberger, L. M., and G. W. Barrett. 1973. Bio- ` 
energetics of captive red foxes. Journal of Wildlife Manage- 
ment 37 :495-500, Reprinted with permission of The Wildlife 
Society.) 
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4 Energy Partitioning in Food Chains and Food Webs 


Statement 


The transfer of food energy from its source in autotrophs (plants) through a series of 
organisms that consume and are consumed is termed the food chain. At each trans- 
fer, a proportion (often as high as 80 or 90 percent) of the potential energy is lost as 
heat. Therefore, the shorter the food chain— or the nearer the organism to the pro- 
ducer trophic level—the greater the energy available to that population. However, 
whereas the quantity of energy declines with each transfer, the quality or concentration of 
the energy that is transferred increases. Food chains are of two basic types: (1) the graz- 
ing food chain, which, starting from a green plant base, goes to grazing herbivores 
(organisms eating living plant cells or tissues) and on to carnivores (animal eaters); 
and (2) the detritus food chain, which goes from nonliving organic matter to micro- 
organisms and then to detritus-feeding organisms (detritivores) and their predators 

Food chains are not isolated sequences; they are interconnected. The interlocking 
pattern is often spoken of as the food web (Fig. 3-17). In complex natural commu- 
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Figure 3-17. Typical food web for a terrestrial ecosystem. 
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nities, organisms whose nourishment is obtained from the Sun through the same 
number of steps are said to belong to the same trophic level. Thus, green plants oc- 
cupy the first level (the producer trophic level), plant eaters (herbivores) occupy the 
second level (the primary consumer trophic level), primary carnivores occupy the 
third level (the secondary consumer trophic level), and secondary carnivores occupy 
the fourth level (the tertiary consumer trophic level). This trophic classification is one 
of function and not one of species as such. A given species population may occupy 
one or more trophic levels according to the source of the energy actually assimilated. 


Explanation 


Food chains are vaguely familiar to everyone, as we eat the big fish that ate the little 
fish that ate the zooplankton that ate the phytoplankton that fixed the energy of the 
Sun; or we may.eat the cow that ate the grass that fixed the light energy of the Sun; 
or we may use a much, shorter food chain by directly eating the grain that fixed the 
energy of the Sun. In the last case, human beings function as primary consumers at 
the second trophic level. In the grass-cow-human food chain, we function at the third 
trophic level, as secondary consumers. In general, humans tend to be both primary 
and secondary consumers as our diet most often comprises a mixture of plant and 
animal foods. Animals that consume both plant and animal matter are frequently re- 
ferred to as omnivores. Accordingly, the energy flow is divided between two or more 
trophic levels in proportion to the percentage of plant and animal food eaten. 

Potential energy is lost at each food transfer. Only a small portion (typically less 
than 1 percent) of the available solar energy is fixed by the plant in the first place. 
Consequently, the number of consumers (such as people) that can be supported by 
a given output of primary production very much depends on the length of the food 
chain; each link in our traditional agricultural food chain decreases the available en- 
ergy by’about one order of magnitude (about tenfold). Therefore, fewer people can ~ 
be supported on a given amount of primary production when large amounts of meat 
are part of the diet. However, as emphasized in the statement, as the quantity goes 
down with each transfer, the energy concentration (quality), goes up, a sort of “bad 
news—good news” story. 

Where the nutritional quality of the energy source is high, transfer efficiencies 
can be much higher than 20 percent. However, because both plants and animals pro- 
duce a lot of hard-to-digest organic matter (cellulose, lignin, and chitin) together with 
chemical inhibitors that discourage would-be consumers, typical transfers between 
whole trophic levels average 20 percent or less. 

Table 3-8 provides approximations of the proportion of assimilated energy at 
each trophic level that is shunted into either production or respiration; the utilization 
efficiencies for each trophic level, illustrating the percentage of available energy from 
the preceding trophic level that is consumed (used) at that trophic level; and the as- 
similation efficiencies (I — NA) for each trophic level. Naturally; these percentages vary 
depending on food quality, homeothermy versus poikilothermy, and the stage of each 
species’ life history. The approximations, however, do provide estimates regarding 
the diversity of species that function at each trophic level. The percentages expressed 
in Table 3-8 can be used to illustrate energy flow through the producer, primary con- 
sumer, and secondary consumer trophic levels, as depicted in Figure 3-15. 

In Figure 3-18, the grazing and detritus food chains are shown as separate flows 
ina Y-shaped, or two-channel, energy flow diagram. This model is more realistic than 
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: Table 3-8 Summary of production, respiration, utilization 
efficiencies, and assimilation efficiencies 
expressed as percentages by trophic level 








3 Production Respiration 
| Trophic level (percent) (percent) 
E Producers 60-70 30-40 
| Primary consumers 40-50 50-60 
T Secondary consumers 5-16 90-95 
Trophic level Utilization efficiency (percent) 
i Producers <1 
: Primary consumers 20-25 
; Secondary consumers 30-40 
L 
l i Trophic level Assimilation efficiency (percent) 
l Producers ` 60-70 
Primary consumers 70-80 
Secondary consumers 90-95 





the single-channel model because (1) it conforms to the basic stratified structure of 
ecosystems; (2) the direct consumption of living plants and the consumption of dead 
organic matter are usually separated in both time and space; and (3) the macro- 
consumers (phagotrophic animals) and the microconsumers (saprotrophic bacteria 
and fungi) differ greatly in size-metabolism relations and in the techniques required 
for studying them: 

The proportion of net production energy that flows down the two pathways 
varies in different kinds of ecosystems and often varies seasonally or annually in the 
same ecosystem. In some shallow waters and in heavily grazed pastures or grasslands, 
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Figure 3-18. Y-shaped energy flow mode! showing linkages between grazing and detritus 
food chains. 
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50 percent or more of the net production may pass down the grazing pathway. In 
contrast, marshes, oceans, forests, and indeed most natural ecosystems operate as de- 
trital systems, in that 90 percent or more of the autotrophic production is not con- 
sumed by heterotrophs until the leaves, stems, and other plant parts die and are 
processed into particulate and dissolved organic matter in water, sediments, and 
soils, As emphasized in Chapter 2, this delayed consumption increases the structural 
complexity and biodiversity as well as the storage and buffering capacities of eco- 
systems, There would be no forests if all tree seedlings were grazed down as soon as 
they appeared. 

In all ecosystems, the grazing and detritus food chains are interconnected, so 
shifts in flow can occur quickly in response to forcing function inputs from outside 
the system, Not all food eaten by grazers is actually assimilated; some (such as undi- 
gested material in feces) is diverted to the detritus pathway. The impact af the grazer 
on the community depends on the rate of removal of living plant material, not just 
on the amount of energy in the food that is assimilated. The direct removal of more 
than 30 to 50 percent of the annual plant growth by terrestrial grazing animals or by 
mowing makes the ecosystem less able to resist future stress. 

The many mechanisms in nature that control or reduce grazing or herbivory 
by native species are as impressive as humanity's past ability to control domestic 
grazing animals is unimpressive. Overgrazing has contributed to the decline of past 
civilizations. The choice of words is important here. Overgrazing, by definition, 
is detrimental, but what constitutes overgrazing in different kinds of ecosystems is 
only now being defined in terms of energetics, long-range economics, and ecosystem 
sustainability. . 

Undergrazing can also be detrimental. In the complete absence of direct con- 
sumption of living plants, detritus would accumulate faster than microorganisms 
could: decompose it, thereby delaying mineral recycling and, perhaps, making the 
system vulnerable to fires. The positive value of light surface fires in decomposition 

_ is discussed in the next chapter, and the reward feedback effect of grazers on plants is 
presented later in this chapter. 

Energy flows originating from nonliving organic materials involve several distinct 
food chain pathways, as shown in Figure 3-19. What was labeled the detritus path- 
way in Figure 3-18 is subdivided into three flows in Figure 3-19. One flow, often the 
dominant one, originates with particulate organic matter (POM); the other two path- 








Figure 3-19. Branched food chain model, Plants —-———--_-----——> Food chains 
especially applicable to terrestrial ecosystems. 
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Figure 3-20. Modern view of the pelagic food web, emphasizing the microbial loop as a ma- 
jor pathway for organic matter flux. Competition among the three main flux pathways—grazing 
food chain, microbial loop, and sinking flux—significantly affects oceanic carbon cycling and 
productivity. DMS = dimethylsulfide; DOM = dissolved organic matter; POM = particulate or- 
ganic matter. (From Azam, F. 1998. Microbial control of oceanic carbon flux: The plot thickens. 
Science 280:694-696. Copyright © 1998 AAAS. Reprinted with permission.) 





ways start with dissolved organic matter (DOM). Symbiotic fungi called mycorrhizae, 
aphids and other parasites, and pathogens extract photosynthate (DOM) directly 
from the plant's vascular system or tissues, whereas the great majority of saprotrophic 
microorganisms (decomposers) consume the DOM most frequently in the form of ex- 
udates from cells, roots, and leaves. 

Two distinct subsystem food chains are largely restricted to terrestrial or shallow- 
water ecosystems, as shown in Figure 3-19: the granivorous food chain, originating 
from seeds, high-quality energy sources that are major food items for animals and hu- 
mans; and the nectar food chain, originating from the nectars of flowering plants 
that depend on insects and other animals for pollination. The intricate, mutualistic 
relationships that have evolved between plants and pollinators and plants and grani- 
vores are discussed in Chapter 7. 

Finally, Figure 3-20 shows yet another way to picture food chains, this one espe- 
cially applicable to aquatic environments. The anaerobic pathway, discussed in some 
detail in Chapter 2, is shown as a separate flow (the sinking flux and the microbial loop) 
along with the direct grazing, the DOM, and the POM flows. All four pathways of en- 
ergy flow are important, but just-how much primary energy goes down each-of the 
four routes varies between different kinds of ecosystems. 


Examples 


see Nt 


Three examples should suffice to illustrate the major features of food chains, food 
webs, and trophic levels. First, in-the far north, in the region known as the Tundra, 
only relatively few kinds of organisms have become successfully adapted to low tem- 
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peratures. Food chains and food webs are thus relatively simple. The pioneer British 
ecologist Charles Elton realized this early and, during the 1920s and 1930s, studied 
the ecology of Arctic lands. He was one of the first to clarify the principles and con- 
cepts relating to food chains (Elton 1927). The plants on the Tundra—reindeer li- 
chens (Cladonia; often called “reindeer moss”), grasses, sedges, and dwarf willows— 
provide food for the caribou of the North American Tundra and for its ecological 
counterpart, the reindeer of the Old World Tundra. These animals, in turn, are 
preyed on by wolves and humans. Tundra plants are also eaten by lemmings and by 
the ptarmigan (Lagopus lagopus) or Arctic grouse (Lagopus mutus) Throughout the 
long winter and during the brief summer, the Arctic white fox (Alopex lagopus) and 
snowy owl (Nyctea scandiaca) and other raptors prey on the lemmings, voles, and 
ptarmigans. Any radical change in the numbers of rodents or the density of Cladonia 
affects the trophic levels, because the alternative choices of food are few. This is one 
reason why the numbers of some groups of Arctic organisms fluctuate greatly, from 
superabundance to near extinction. The same has often happened to human civili- 
zations that depended on a single or on relatively few local food sources, as for ex- 
ample in the Irish potato famine. We will consider these Arctic cycles in detail in 
Chapter 6. 

Second, a farm pond managed for sport fishing, thousands of which have been 
built over the-years, provides an excellent example of food chains under fairly sim- 
plified conditions. Because a fishpond is supposed to provide the maximum number 
of fish of a particular species and a particular size, management procedures are de- 
signed to channel as much of the available energy as possible into the final product 
by restricting the producers to one group, the floating algae or phytoplankton. Other 
green plants, such as rooted aquatics and filamentous algae, are discouraged. Fig- 
ure 3-21 shows a compartment model of a sport-fishing pond in which transfers at 


Figure 3-21. Compartment model of Available solar radiation 
the principal food chains in a Georgia (50 percent incident radiation) 
pond managed for sport fishing. Esti- 730,000 
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each link in the food chain are quantified in terms of kilocalories per square meter 
per year. In this model, only the successive inputs of ingested energy are shown; the 
losses during respiration and assimilation are not shown. The phytoplankton is fed 
on by the zooplanktonic crustaceans in the water column, and the planktonic detri- 
tus is taken in by certain benthic invertebrates, notably bloodworms (chironomids), 
which are the preferred food of sunfishes; these sunfishes in turn are fed on by bass. 
The balance between the last two groups in the food chain (sunfish and bass) is very 
important to the harvesting of fish by humans. A pond with sunfish as the only fish 
could actually produce a greater total biomass of fish than one with bass and sunfish, 
but most of the sunfish would remain small because of the high reproduction rate and 
the competition for available food. Fishing by hook and line would soon be poor. As 
the sportsperson wants large fish, the final predator (tertiary consumer) is necessary 
for a good sport-fishing pond. 

Fishponds are good places to demonstrate how secondary productivity is related 
to (1) the length of the food chain; (2) the primary productivity; and (3) the nature 
and extent of energy imports from outside the pond system. Large lakes and the sea 
yield fewer fish per hectare, or per square meter, than do small, fertilized, and in- 
tensely managed ponds, not only because primary productivity is lower and food 
chains are longer, but also because only a part of the consumer population (the mar- 
ketable species) is harvested in large bodies of water. Likewise, yields are several 
times greater when herbivores, such as carp, are stocked than when carnivores, such 
as bass, are harvested; the latter, of course, require a longer food chain. High yields 
are obtained by adding food from outside the ecosystem (by adding subsidies such 
as plant or animal products that represent energy fixed somewhere else). Actually, 
such subsidized yields should not be expressed by area unless one adjusts the area to 
include the land (the ecological footprint, as decribed in Chapter 2) from which thé 
supplemental food was obtained. As might be expected, fish culture depends on the 
human population density. Where people are crowded and hungry, ponds are man- 
aged for their yields of herbivores or detritus consumers; yields of 1000 to 1500 
pounds per acre (450-675 kg/ha) are easily obtainable without supplemental feed- 
ing Where people are neither crowded nor hungry, game fish are desired. As these 
fish are usually carnivores at the end of a long food chain, yields are much lower—- 
100 to 500 pounds per acre (45-225 kg per 0.4 ha). Finally, the 300 kcal-m™?- year! 
fish yield from the most fertile natural waters or ponds managed for short food chains 
approaches the 10-percent conversion of net primary ‘production to primary con- 
sumer production. 

A third example is a detritus food chain based on mangrove leaves, which was de- 
scribed by W. E. Odum and E. J. Heald (1972, 1975). In southern Florida, leaves of 
the red mangrove (Rhizophora mangle) fall into the brackish waters at an annual rate 
of 9 metric tons per hectare (about 2.5 g or 11 kcal per m? per day) in areas occupied 
by stands of mangrove trees. Because only 5 percent of the leaf material is removed 

by grazing insects before leaf abscission, most of the annual net primary production 
is widely dispersed by tidal and seasonal currents over many hectares of bays and es- 
tuaries. As shown in Figure 3-22, a key group of small animals, often called meiofauna 
(“diminutive animals”), comprising only a few species but many individuals, ingest 
large quantities of the vascular plant detritus along with the associated microorgan- 
isms and smaller quantities of algae. The meiofauna in estuaries generally comprises 
small crabs, shrimp, nematodes, polychaete worms, small bivalves and snails, and, in 
less salty waters, insect larvae. The particles ingested by these detritus consumers 
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Figure 3-22. . Detritus food web based on mangrove leaves. that fall into shallew estuarine - 
waters of South Florida. Leaf fragments acted on by saprotrophs and colonized:-by-algae-are 
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Figure 3-23. A green violet-ear hum- 
mingbird feeds an nectar from an ellean- 


thus orchid: 


range front sizable leaf fragments to nny clay particles on which organic matter has 
been adsorbed. These particles pass through the guts of many individual organisms 
and species in succession (a process of cuprophagy) resulting in the extraction and re- 
absorption of organic matter until the substrate has been exhausted. 

The model in Figure 3-15 can serve as a model for all ecosystems such as a for- 
est, a grassland, or an estuary. The flow patterns would be expected to be the same: 
only the species would be different. Detrital systems enhance nutrient regeneration 
and recycling because plant, microbial, and animal components are tightly coupled, 
so that nutrients are as rapidly reabsorbed as they are released. 


Resource Quality 


The quality of the food resource is as important as the quantity of energy flow in- 
volved in the different food chains. In Figure 3-19, the grazing and detritus pathways 
are subdivided to show six pathways that differ greatly in resource quality. From the 
viewpoint of the consumer, plant products differ greatly in resource quality depend- 
ing on the amount of readily available carbohydrates, lipids, and proteins, and on 
the amount of recalcitrant materials, such as lignocellulose, that reduce edibility. The 
presence or absence of stimulants and repressors, and the physical structure of plant 
parts (size, shape, surface texture, and hardness) determine the rate and timing of 
the transfer of energy from autotrophs into the food web. Seeds, for example, have a 
much higher resource quatity than vegetative leaves and stems. Exuded or extracted 
DOM (dissolved organic matter) is more nutritious than detrital POM (particulate or- 
ganic matter). 

Nectar and exuded photosynthate provide very high-quality food for adapted 
heterotrophs, and these plant outputs are very rapidly consumed when available. For 
example, nectarivores in entire families of insects (such as bees and butterflies), birds 
(such as hummingbirds and sunbirds), and even certain bats are extremely active 
around flowers when nectar is being secreted. Many species have coevolved with 
flowering plants for mutual benefit (Fig. 3-23). Colwell (1973) documented a case in 
which nine species of animals in widely different taxonomic groups (insects, mites, 
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and birds) are closely associated with flowers of four kinds of tropical plants, thus 
creating a closely knit subcommunity. 

Coleman et al. (1998) has estimated that the metabolic “hot spots” of rhizo- 
spheres and active decomposition sites in the soil may occupy less than 10 percent of 
the total soil volume. A similar “halo” of bacteria surrounds living algal cells in the 
marine environment in what Bell and Mitchell (1972) have termed the phycosphere. 
These bacteria do not make contact with or penetrate the cell membrane and are 
clearly living off of the exuded organic matter. 


Reward Feedbacks and the Role of Heterotrophs in Food Webs 


Food webs involve much more than predator-prey relationships, or “who eats whom.” 
There are positive or mutualistic feedbacks as well as negative ones. When a “down- 
stream” organism in the energy flow has a positive effect on its “upstream” food sup- 
ply, we have reward feedback, in the sense that a consumer organism (such as a her- 
bivore or parasite) does something that sustains the survival of its food resource 
(plant or host). 

It has been shown that grazing by the vast herds of antelopes on the East African 
plains increases the net production of grass; that is, annual vegetative growth is 
greater with the grazers than without them (McNaughton 1976). The catch is that 
“timing is everything,” in that the herds migrate seasonally over large areas, thereby 
avoiding overgrazing. Fencing in the animals cancels out the adaptation. A similar ef- 
fect of bison grazing on North American grasslands has been found in a 10-year study 
in Kansas (S. L. Collins et al. 1998). Not only was the net primary production in- 
creased by moderate grazing, but biodiversity was also increased. It has also been hy- 
pothesized that the saliva of grasshoppers and grazing mammals contains growth 
hormones (complex peptides) that stimulate root growth and the ability of plants to 
regenerate new leaves, providing a mechanism for this positive feedback effect (Dyer 
et al. 1993, 1995). 

As an aquatic example, fiddler crabs of the genus Uca, which feed on surface al- 
gae and detritus in coastal marshes, “cultivate” their food plants in several ways. Their 
burrowing increases water circulation around the roots of marsh grass and brings 
oxygen and nutrients deep into the anaerobic zone. By constantly reworking the or- 
ganically rich mud on which they feed, the crabs enhance conditions for the growth 
of benthic algae. Finally, egested sediment particles and fecal pellets provide sub- 
stances for the growth of nitrogen-fixing and other bacteria that enrich the system 
(Montague 1980). 

In summary, survival by both the “eater” and the “eaten” on a greater temporal- 
spatial scale are enhanced when the consumer can promote as well as consume its 
food supply, just as humans both consume and promote the welfare of domestic 
plants and animals. The more food webs are studied as a whole, the more partner- 
ships and mutually beneficial relationships between producers and consumers and 
between different levels of consumers are discovered. 

The length of food chains is also of interest. The reduction of the energy available 
to successive trophic levels obviously limits the length of food chains. However, the 
availability of energy may not be the only factor.-as long food chains often: occur-in 
infertile systems, such as oligotrophic lakes,,and short ones are often found in very 
productive or-eutrophic situations. The rapid production of nutritious plant material 
may invite heavy grazing, resulting in the concentration of energy flow at the first two 
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Table 3-9 


or three trophic levels. Eutrophication (nutrient enrichment) of lakes also increases 
energy flow at the first few trophic levels and shifts the planktonic food web from 
a phytoplankton-large zooplankton-game fish sequence to a microbes-detritus- 
microzooplankton system not so supportive of recreational fisheries. 


Ecological Efficiencies 


The ratios between energy flows at different points along the food chain are of con- 
siderable ecological interest. Such ratios, when expressed as percentages, are often 
termed ecological efficiencies. Table 3-9 lists some of these ratios and defines them 
in terms of the energy flow diagram. The ratios have meaning in reference to com- 
ponent populations as well as to whole trophic levels. Because the several types of 
efficiencies are often confused, defining exactly what relationship is meant is impor- ” 
tant; the energy flow diagrams (Figs. 3-14 and 3-15) help clarify this definition. We 
encourage students of ecology to-read Raymond L. Lindemans classic paper “The 
Trophic-Dynamic Aspect of Ecology” (Lindeman 1942) for an understanding of eco- 
logical efficiencies. 

Most important, efficiency ratios are meaningful in comparisons only when the 
numerator and denominator of each ratio are expressed in the same units of mea- 
surement. Otherwise, statements about efficiency can be misleading. For example, 
poultry farmers may speak of a 40 percent efficiency in the conversion of chicken 
feed to chickens (the P,/I, ratio in Table 3-9). But this is actually a ratio of “wet” or 
live chicken (worth about 2 kcal/g) to dry feed (worth about 4 kcal/g). The true eco- 
logical growth efficiency (in keal/kcal) in this case is more like 20 percent. Thus, 
wherever possible, ecological efficiencies should be expressed in the same “energy 
currency” (such as calories to calories). 

The general nature of transfer efficiencies between trophic levels has already been 


Various types of ecological efficiencies 





Ratio Designation and explanation 


A. Ratios between trophic levels 


Wh, Trophic level energy intake, or Lindemans efficiency 
For the producer trophic level, this is P,/L or Po/La 

ASA; Trophic level assimilation efficiency 

PIP; Trophic level production efficiency 


B. Ratios within trophic levels 


PIA, ~ Tissue growth or production efficiency 
PII Ecological growth efficiency 
All, Assimilation efficiency 





Symbol key: L = light (total); L, = absorbed light; Po = total photosynthesis (gross 
primary production); P = production of biomass; / = energy intake; A = assimilation; 
t = present trophic level; t—-1 = preceding trophic level. 
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discussed. The production efficiencies between secondary trophic levels typically ap- 
proximate 10 to 20 percent. Because the proportion of assimilated energy that must 
go to respiration is at least 10 times higher in warm-blooded animals (homeotherms), 
which maintain a high body temperature at all times, than in cold-blooded animals 
(poikilotherms), production efficiency (P/A) must be lower in warm-blooded species. 
Accordingly, the efficiency of transfer between trophic levels should be higher in an 
invertebrate than in a mammalian food chain. For example, the energy transfer from 
moose to wolf on Isle Royale is about 1 percent, compared with a 10 percent trans- 
fer in a Daphnia-Hydra food chain (Lawton 1981). Herbivores tend to have higher P/A 
but lower A/I efficiencies than do carnivores. 

To many people, the low primary efficiencies characteristic of intact natural sys- 
tems are puzzling in view of the relatively high efficiencies apparently obtained in 
human-designed and other mechanical systems. This has led many to consider ways 
of increasing nature's efficiency. Actually, the primary efficiencies of long-term, large- 
scale ecosystems are not directly comparable to those of short-term mechanical sys- 
tems. For one thing, much fuel is used for repair and maintenance of mechanical sys- 
tems, and depreciation and repair typically are not included in calculating the fuel 
efficiencies of engines. In other words, much energy (human or otherwise) other than 
the fuel consumed in its operation is required to build a machine and keep it run- 
ning, repaired, and replaced. Mechanical engines and biological systems cannot fairly 
be compared unless all energy costs and subsidies are considered, because biological 
systems are self-repairing and self-perpetuating. Moreover, under certain conditions, 
more rapid growth per unit time probably has greater survival value than maximum 
efficiency of energy use. By a simple analogy, it might be better to reach a destination 
quickly at 65 mph than to achieve maximum efficiency in fuel consumption by driv- 
ing slowly. Engineers should understand that any increase in the efficiency of a bio- 
logical system will be obtained at the expense of maintenance; thus, a gain from in- 
creasing the efficiency will be lost in increased cost—not to mention the danger of 
increased disorder that may result from stressing the system. As already noted, such 
a point of diminishing returns may have been reached in industrialized agriculture, 
because the energy output—energy input ratio has declined as.the yield per unit area 
has increased. 


The Interaction of Bottom-Up and Top-Down 
Control of Energy Flow in Food Webs 


Hairston et al. (1960) proposed a “balance of nature” hypothesis that years ago caused 
much discussion and controversy among ecologists. They argued that because plants 
by and large accumulate a lot of biomass (the world is green), something musi be in- 
hibiting grazing. That something, they theorized, is predators. Accordingly, primary. 
consumers are limited by secondary consumers, and primary producers-are thus re- 
source limited rather than grazer limited. Subsequently, much research, especially in 
aquatic systems, has resulted in “bottom-up” versus. “top-down” perspectives in the 
understanding of food chain dynamics. The bottom-up hypothesis holds:that pro- 
duction is regulated by upstream factors such as‘nutrient availability, the:top-dewn 
hypothesis predicts that predators or grazers regulate productivity. There is evidence 
to support both hypotheses. For example, numerous studies have demrenstrated that 
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Figure 3-24, Diagram depicting the various possible types Trophic Trophic Bottom-up Top-down Cascade 
of control mechanisms under the trophic cascade hypothesis. level pyramid control control response 
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increased inputs of nitrogen fertilizer significantly increase rates of primary produc- 
tivity in grassland and old-field communities (W. P. Carson and Barrett 1988; Brewer 
etal. 1994; Wedin and Tilman 1996; Tilman et al. 1996). It should be noted, how- 
ever, that productivity is related to biodiversity (Tilman and Downing 1994). E. P. 
Odum (1998b) pointed out that in low-nutrient environments, an increase in biodi- 
versity tends to enhance productivity, but in high-nutritnt environments, an increase 
in productivity increases dominance and reduces diversity. 

S. R. Carpenter et al. (1985) proposed that whereas nutrient inputs (bottom-up 
controls) determine the rate of production in a lake, piscivorous and planktivorous 
fish can cause significant deviations in the rate of primary production. The influences 
of downstream consumets on ecosystern dynamics are known as top-down controls. 
S. R. Carpenter and Kitchell (1988) proposed that the influence of consumers on pri- . 
mary production propagates through food webs or trophic levels. They termed these 
effects on trophic levels or ecosystem dynamics trophic cascades. The trophic cascade 
hypothesis proposes that feeding by piscivorous and planktivorous consumers af- 
fects the rate of primary production in lakes (a top-down influence). 

For example, reducing the planktivorous fish population resulted in lower rates 
of primary production. In the absence of planktivorous minnows, the predaceous in- 
vertebrate Chaoborus became abundant. Because Chaoborus feed on the smaller her- 
bivorous zooplankton, the herbivorous zooplankton shifted in dominance from small 
to large species. In the presence of large and abundant herbivorous zooplankton, the 
phytoplankton biomass and the rate of primary production declined. This example 
illustrates a cascading effect through several trophic levels in an aquatic ecosystem. 

It appears that terrestrial consumers can also have important top-down influences 
on primary productivity (see McNaughton 1985; McNaughton et al. 1997 regarding 
the effects of large-mammal grazing on primary production and nutrient cycling in the 
Serengeti grassland ecosystem). Figure 3-24 illustrates both bottom-up and top-down 
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control mechanisms (that is, trophic cascades linking all trophic levels in biotic com- 
munities). For more information on bottom-up and top-down control mechanisms, 
see Hunter and Price (1992); Harrison and Cappuccino (1995); and Price (2003). 

There are, of course, mechanisms other than consumers and resources that de- 
termine how primary production is used. Allelopathic chemicals produced by plants, 
such as cellulose, tannins, and lignin, inhibit heterotrophic consumption (see previ- 
ous sections of this chapter). These mechanisms are all part of the evolutionary arms 
race between producers and consumers that keeps nature in a pulsing state. 


Isotopic Tracers as Aids to the Study of Food Chains 


Observation and examination of stomach contents have been the traditional means 
of determining what food resources heterotrophs consume, but these methods are of- 
ten not feasible, especially for small or reclusive animals and decomposers (bacteria 
and fungi). In some cases, isotopic tracers can be used to track food webs in natural 
ecosystems where many species are interacting. Radioactive tracers have proved use- 
ful in determining which insects are feeding on which plants or which predators are 
feeding on which prey. For example, ‘the use of radioactive phosphorus (*P) to iso- 
late food chains in old-field ecosystems has revealed that food chains in some plants 
begin with ants attracted by sugars exuded from leaves and stems, whereas other 
plants support more traditional herbivore-predator food chains. These experiments 
illustrate two of the three ways in which plants survive herbivory, namely (1) feeding 
an army of ants for protection; (2) depending on large predators to keep herbivores 
under control; or (3) producing anti-herbivore chemicals. 

With the development of improved detection instrumentation, stable (rather 
than radioactive) isotopes have come into increased use. The ratios of stable car- 
bon isotopes have proved especially useful in charting material flows in food chains 
that are otherwise difficult to study. C, plants, C, plants, and algae have different 
3C/?C ratios, which are carried over to whatever organisms (animal or microbe) 
consume that particular plant or plant detritus. For example, in a study of estuarine 
food chains, Haines and Montague (1979) found that oysters fed largely on phyto- 
planktonic algae, whereas fiddler crabs used both benthic algae and detritus derived 
from marsh grass (a C, plant) for food. 


Energy Quality: eMergy 


Statement 


Energy has quality as well as quantity. Not all calories (or whatever unit of energy 
quantity is employed) are equal, because equal quantities of different forms.of energy 
vary widely in work potential. Highly concentrated forms of energy, such as fossil fu- 


‘els, have a much higher quality than do more dispersed forms of energy, such as sun- 


light. We can express energy quality or concentration in terms of the amount cf one ` 
type of energy (such as sunlight) required to develop the: same amount of another 
type (such as oil). The term eMergy (spelled with a capital M) has been proposed for 
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A PICTORIAL DIAGRAM FOOD CHAIN 
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Figure 3-25. Diagram showing how increasing energy concentration (quality) accompanies 
decreasing energy quantity in (A) food chains, (B) energy flows, (C) electric energy generation, 
and (D) spatial energy concentration. Energy concentration from input to output involves up to 
5 orders of magnitude (10°). Data are in kcal/m? (after H. T. Odum 1983, 1996). 





this measure; eMergy can be defined in a general way as the sum of the available en- 
ergy already used directly or indirectly to create a service or product. In comparing 
energy sources for direct use by humankind, one should consider the quality as well 

as the quantity of energy available and, wherever possible, match the quality of the 
source with the quality of the use (Fig. 3-25). 














Table 3-10 
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Explanation and Examples | 


We have already described in this chapter how quality increases as quantity decreases 
in food chains and other energy transfer sequences (Fig. 3-15). One reason why most 
people seem unaware of the importance of the energy concentration or quality factor 
is that although there are numerous terms for energy quantity (such as calories, 
joules, and watts), there are no terms for energy quality in general use. In 1971, H. 
T. Odum proposed the term embodied energy as a quality measurement (and re- 
named it eMergy in 1996), defined as all the available energy already used directly 
or indirectly to create a service or product (H. T. Odum 1996). Thus, if 1000 calo- 
ries of sunlight are required to produce 1 calorie of food by plants, the transforma- 


* tion (or transformity) is 1000 Sun calories to 1 food calorie, and the eMergy of the 


food is 1000 solar energy calories. EMergy can be thought of as “energy memory,” as 
it is calculated by adding up all the energies transformed to produce the final prod- 
uct or service. For comparative purposes, all contributing energies should be of the 
same kind and, of course, expressed in the same quantitative units. From another 
viewpoint, energy quality is measured by the thermodynamic distance from the Sun. 
Whether the upgraded component (food, for example) is available to a consumer de- 
pends on the resource quality. 

Some eMergy values in round figures are shown in Table 3-10, in terms of both 
solar and fossil fuel units. As Table 3-10 shows, fossil fuels have a work potential at 
least 2000 times that of sunlight. For solar power to do the work now being done by 
coal or oil, it must be upgraded several thousand times. In other words, sunlight would 
not run an automobile or a refrigerator unless it is concentrated to the level of gasoline or 
electricity. Societies cannot shift from fossil fuels to sunlight as their major energy 
source unless the dispersed solar energy can be upgraded on a large scale equivalent: 
to electricity or some other kind of concentrated fuel—a conversion that is sure to 
be expensive. 

Solar energy can be used directly, without upgrading, for low-quality jobs such 
as heating dwellings. Matching the quality of source and use would reduce the cur- 
rent waste of fossil fuels and give societies more time to convert to other possible con- 
centrated energy sources. In other words, oil should be reserved for running ma- 


Energy quality factors (eMergy): Solar versus fossil fuel units 





Solar equivalent Fossil fuel- 





Type of energy calories equivalent caferies 
Sunlight 1.0 0.0005: 
Plant gross production . 100 0.05 

Plant net production as wood. - 1000 0.5 

Fossil fuel (delivered for use) - 2000 1.0 

Energy in elevated water 6000 3 

Electricity l S 8000 4. 
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Source: After H: T. Odum and E. C. Odum 1982. 
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chinery, not burned in a furnace to heat a house when the Sun can do at least part of 
that job. 


EMergy is an especially useful measure for comparing and interfacing the value 
of market goods and services with natural (nonmarket) goods and services. See En- 
vironmental Accounting: EMergy and Environmental Decision Making by H. T. Odum 
(1996) for a detailed review of the eMergy concept. 


6 Metabolism and Size of Individuals: 
The 3/4 Power Principle 





Statement 


The standing crop biomass (expressed as the total dry weight or total caloric con- 
: tent of organisms present at any one time) that can be supported by a steady flow of 
: energy in a food chain depends not just on its position in the food web, but also on 
the size of the individual organisms. Thus, a lower biomass of smaller organisms can 
be supported at a particular trophic level in the ecosystem. Conversely, the larger the 
organism, the larger the standing crop biomass. Thus, the biomass of bacteria pres- 
ent at any one time would be very much smaller than the standing crop of fish or 
mammals, even though the energy use might be the same for both groups. In gen- 
eral, the rate of metabolism in individual animals varies as the 3/4 power of their 
` body weight. 


Explanation and Examples 


The rate of metabolism per gram of biomass in very small organisms, such as algae, 
bacteria, and protozoa, is immensely higher than the metabolic rate per unit weight 
of large organisms, such as trees and vertebrates. In many cases, the metabolically im- 
portant parts of the community are not the few large, conspicuous organisms, but the 
many small organisms, including microorganisms that are invisible to the naked eye. 
Thus, the tiny algae (phytoplankton) weighing only a few kilograms per hectare at 
any one moment in a lake can have as high a metabolism as a much larger volume of 
trees in a hectare of forest. Likewise, a few kilograms of small crustaceans (zoo- 
plankton) grazing on algae can have a total respiration equal to that of many hun- 
dreds of kilograms of buffalo grazing on grasses. 

The rate of metabolism of organisms, or groups of organisms, is often estimated by 
measuring the rate at which oxygen is consumed (or, in the case of photosynthesis, 
produced). The metabolic rate of an individual animal tends to increase as the 3/4 power - 
of its weight. A similar relationship appears to exist in plants, although the structural ` 
differences between plants and animals make direct comparisons difficult. The re- 
lationships between body weight (or volume) and respiration per individual and 
per unit weight are shown in Figure 3-26. The lower curve (Fig. 3-26B) is impor- 
tant because it shows how the weight-specific metabolic rate increases as the size 
of the individual decreases. Various theories about this trend, often called the 3/4 
power law, have focused on diffusion processes—larger organisms have less surface 
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Figure 3-26. Relationships between (A) respiration and A 
body weight per individual and (B) respiration per unit 
weight and total body mass. 
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area per unit weight through which diffusion processes might occur. Comparisons 
should; of course, be made at similar temperatures, because metabolic rates are usu- 
ally greater at higher temperatures than at lower temperatures (except with temper- 
ature adaptation). 

West et al. (1999) reviewed allometric scaling relationships.in both pane and an- 
imals and presented a general model as follows: 


Y= Y,M?, 


where Y is the rate of metabolism, Y, is a constant that is characteristic of the kind of 
organism, M is the mass, and b is the scaling exponent. The scaling exponents often 
turn out to be multiples of 1/4. 

When organisms of the same general size are compared, the relationships shown 
in Figure 3-26 may not always hold. This is to be expected, because many factors 
other than size affect the rate of metabolism. For example, warm-blooded-vertebrates 
have a higher rate of respiration than do cold-blooded vertebrates of the same size. 
However, the difference is actually relatively small compared with the difference be- 
tween a vertebrate and a bacterium. Thus, given the same amount of available food 
energy, the standing crop of cold-blooded herbivorous fish in a pond may be of the 
same order of magnitude as that of warm-blooded herbivorous mammals on land. 


However, as mentioned in Chapter 2, oxygen is less available in water than it is in air 


and is, therefore, more likely. to be limiting in water. In general, aquatic animals seem 
to have a lower weight-specific respiratory rate than do terrestrial animals-of-the same 
size. Such an adaptation may well affect the trophic structure. 
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The power law relationship between mammalian population densities and body 
mass also relates to primary and secondary consumers (Marquet 2000). For example, 
the relationship for primary consumers (herbivores) has a slope of ~ 3/4, whereas the 
slope for secondary consumers (carnivores) is much steeper. 

In studying size-metabolism relationships in plants, one often finds it difficult to 
decide what constitutes an “individual.” Thus, a large tree can be regarded as one in- 
dividual, but the leaves may act as “functional individuals” as far as size—surface area 
relationships are concerned. This relationship is similar to the leaf-area index, which 
is the area of canopy foliage per unit of ground area. A study of various species of sea- 
weeds (large multicellular algae) found that species with thin or narrow branches 
(and consequently a high surface-to-volume ratio) had a higher rate per gram bio- 
mass of food manufacture, respiration, and uptake of radioactive phosphorus from 

. the water than did species with thick branches. Thus, in this case, the branches or 
even the individual cells were functional individuals, and not the whole plant, which 
might include numerous branches attached to the substrate by a single holdfast. 

The inverse relationship between size and metabolism may also be observed in 
the ontogeny of a single species. Eggs, for example, show a much higher metabolic 
rate per gram than the larger adults. Remember, the weight-specific metabolic rate, not 
the total metabolism of the individual, decreases with increasing size. Thus, an adult hu- 
man being requires more total food than a small child, but less food per kilogram of 
body weight. 


7 Complexity Theory, Energetics of Scale, 
and the Law of Diminishing Returns 


Statement 


As the size and complexity of a system increase, the energy cost of maintenance tends 

to increase proportionally at a higher rate. A doubling in size usually requires more 
than a doubling in the amount of energy that must be diverted to pump out the in- 
creased entropy associated with maintaining the increased structural and functional 
complexity. There are increasing returns to scale or economies of scale (which 
most economists like to talk about) associated with increases in size and complexity, 
such as increased quality and stability in the face of disturbances; however, there are 
also diminishing returns to scale or diseconomies of scale (which most econo- 
mists do not like to talk about) involved in the increased cost of pumping out the 
disorder. These diminishing returns are inherent in large and complex systems and 
can be somewhat reduced. by improved design that increases the efficiency of en- 
ergy transformation. However, they cannot be entirely mitigated. The law of di- 
minishing returns applies to all kinds of systems, including electrical power grids 
in human technoecosystems. As an ecosystem becomes larger and more complex, 
the proportion of gross primary production that must be respired by the. commu- 
nity to sustain itself increases, and the proportion that can go into further growth in 
size declines. When these inputs and outputs balance, size cannot further increase. 
without overshooting maintenance capacity, resulting in a pulsing “boom and bust” 
sequence. l 
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Explanation 


Engneering experience in dealing with physical networks such as telephone switch- 
boatls indicates that as the number of subscribers or calls, C, goes up, the number 
of switches needed, N, goes up, approaching a square of the number, as follows: 





In }50, C. E. Shannon of the Bell Telephone Laboratory proved that such a dis- 
economypf scale is an intrinsic feature of networks, and no method of construction, 
howeveiingenious, can avoid it. The best that has been achieved in switching net- 
works is\ reduction of the diseconomy to something like N to the 1.5 power. See 
Shannon hd Weaver (1949), Pippenger (1978), and Patten and Jorgensen (1995) for 
a backgrohd review of complexity theory. : 

This s¢ of diseconomy of scale is also an intrinsic feature of natural ecosystems, 
but at leaskome of the increased cost of complexity is balanced by benefits of the 
kind that ebnomists refer to as economies af scale. The metabolism per unit weight 
decreases ashe size of the organism or the biogas (as in a forest) increases, so more 
structure cate maintained per unit of energy flew (the B/P efficiency). Adding func- 
tional circuitland feedback loops can also iqcrease the efficiency of energy use, the 
recycling of rhterials, and the resistance or ¥silience to disturbance. EMergy prop- 
erties and mutualistic relationships between \rganisms may also develop increased 
overall efficieny. No matter what the adjustmbt may be, however, the total entropy 
that must be disipated increases rapidly with by increase in size, so that more and 
more of the total energy flow (gross primary Plduction plus subsidies) must be di- 
verted to respiratéry maintenance and less and Ik is available for new growth. When 
maintenance energ) costs balance the available enby, the theoretical maximum ine ae 
carrying capacity ha been reached, beyond which (easing returns of scale set in. 


‘Example i 


Per capita taxes provide an example of the network tof costs risin pasa power fine: 
tion of size. Per capitastate and local taxes are typic; strongly correlated with ans 
ulation density, and especially with the percentage Ofanizati on withinthestate For 
example, it costs a person about three times more ites to live in the state of New 
York than to live in the sate of Mississippi. Citizen “teyolts” notwithstanding, one 
cannot avoid higher taxesif one chooses to live in a labity and does not wish to see 
it become disorderly. For several decades, the differey,, per capita taxes between 
urban and rural areas has increased as urban sprawl Iytensified See Baretta al 
(1999) for a discussion focusing on the need to reconnéra] and urban landscapes 


Concepts of Carrying Capacity and Shinabiity 


Statement 


In terms of energetics at the ecosystem level, what is knis the cas ing capac. 
ity is reached when all the available incoming energy ISDH to su ae allthe bo. 
sic structures and functions—that is, when P (production) R 


(respiratory main- 
tenance). The amount of biomass that can be supported 


t these conditions is 
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known as the maximum carrying capacity and is indicated by the capital letter K in 
theoretical models. This level is not absolute (not a gass ceiling), but it is easily over- 
shot when the momentum of growth is strong. Inaeasing evidence shows that the 
optimum carrying capacity (what is sustainable over long periods in the face of en- 
vironmental uncertainties) is lower than the maxinum carrying capacity (see Barrett 
and Odum 2000 for details). In terms of individdals and populations, carrying ca- 
pacity depends not only on number and biomag but also on lifestyle (that is, per 
capita energy consumption). j 


é 
Š 
$ 





Explanation 


Simple mathematical models of sigmoid grown, as graphed in Figure 3-27, are dis- 
cussed in more detail in Chapter 6. For now, Wo points on the growth curve need to 
be noted: K, the upper asymptote, represents fhe maximum carrying capacity as de- 
fined in the statement, and I, the point of inffction where the rate of growth is high- 
est, as shown by the lower diagram (Fig. 3-2 B). The I level is often spoken of as the 
maximum sustained yield or optimum dessity by game and fish managers because, 
theoretically, the harvested biomass wouldbe most rapidly replaced at this point. 
The problem with maintaining the mum level, K, in the fluctuating environ- 
; ment of the world is that overshoots are w to occur, either because the momentum 
of growth causes the population size to efceed K or because a periodic reduction in 
resource availability (such as a drought) femporarily reduces K. When an overshoot 
occurs and entropy exceeds the capacity of the system to dissipate it, a reduction in 


Figure 3-27. Carrying capacity in relation to sigmoid A 
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sie or a “crash” must occur. If the productive capacity of the environment is dam- 
agtd in the crash, K itself may be lowered, at least temporarily, to a new level (K, in 
Fig.3-27A). The global challenge of feeding people is approaching that point where 
foodneeds equal maximum production capacity given current technological, politi- 
cal, ¢onomic, and distributional constraints. Any widespread perturbation, such as 
war, \rought, disease, or terrorism, that reduces crop yields for even one year means 
sever¢nalnutrition or starvation for millions of individual humans living on the brink. 
margin of safety at the maximum carrying capacity level is very small. From 
the viefpoint of long-term safety and stability, some level in the range between K and 
I (as shin in Fig. 3-27A) would represent the desirable carrying capacity level that 
is sustalable over the long term. Many natural populations have evolved mecha- 
nisms tht maintain density at this safe or secure level. 





Examphs 
Concept dCarrying Capacity 


A classic st\dy of carrying capacity in the atimal world involved a deer herd in 
Michigan (MCullough 1979). Six deer introduced into a 2-square-mile (5 km? or 
500 hectareYenced enclosure in 1928 inckased to about 220 by the mid-1930s, 
When it becahe evident that this herd was dinaging its environment b io: 
ing the vegetalon, the population was reduce to about 115 by selective hunting and 
then maintaing at this level for a number ofțears. McCullough suggested that the 
+200 level (2 ectares per deer) represented tẹ maximum carrying capacity level, K, 
and that deer populations tend to “track” this Tximum level. Left to themselves, the 
deer will increaseyight up to this limit of foor other vital resources, The +1 00 
number (about 4 ectares per deer), according represents the c arrying capacity of 
optimum density, I (Re Fig. 3-27), which avoids drshoots, starvation s fress’ disease 
and possible damag to the habitat. In this parlar species, predation that ee 
the population below the maximum carrying caPly seems to be a function that fa- 
vors quality over quantity. Other kinds of populins have evolved self enay 
mechanisms that tendto maintain a carrying capalevel well below the maximum. 
A study of energy low in ant colonies might Te} something about the cis 
ics of scale and carrying capacity that is applicableyyom siriens: eal aren acne 
(Atta colombica), which tive in wet tropical forests, Best fresh leaf sections from ibe 
vegetation and carry them into underground nests substrate for culturing the 
fungi that provide their food. These fungal gardens atred for and fertilized (partly 
by ant excretions) much as a human farmer cultivatesor her food crop. Lugo et al 
(1973) estimated the energy expefiditures for all the or activities within the col- 
ony and concluded that the maximum carrying capa (the maximum size of the 
colony) is reached when the input of fuel calories (n form of harvested leaves) 
balances the energy cost of the work involved in cu! and transporting leaves, 
maintaining trails, and cultivating the crops. At any Ome in large colonies, He 
proximately 25 percent of the ants were carrying leavey 75 percent were main: 
taining the trails and fungal gardens. When the energint is balanced by these 
maintenance costs, the colony stops growing. Reward fick to other organisms, 
such as frass deposited by the ants on the forest floor threases leaf growin: 
creases efficiency and raises the maximum carrying capay 
Estimating the carrying capacity of an agrarian civiliz supported by subsis- 
tence agriculture is not too difficult, as the input energy Cmostly from local re- 
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sources and not from distant regions. For example, Mitchell (1979) reported that 
density in the rural countryside in India is a linear tunction of rainfall, which deter- 
mines crop yield in the absence of irrigation or other subsidy. He reported tha: 10 cm 
of rainfall supports 2 persons per hectare of harvested land, 100 cm supports 3 per- 
sons, 200 cm supports 4.5 persons, and 302 cm sypports 6 persons. Another inter- 
esting study of agrarian carrying capacity is that Pollard and Gorenstein (1980), 
who documented the relation between ‘naize proluction and human density in an 
early Mexican (Tarascan) civilization. 
Estimating the carrying capacity for urban-irfustrial societies is much more dif- 
ficult, because such societies are supported byfnassive energy subsidies imported 
from afar and often drawn from storage accunplated before the advent of human- 
kind, such as fossil fuels, underground water, frgin timber, and deep organic soils. 
All of these resources diminish with intensive ge. One thing is certain; humans, like 
deer, seem to track maximum carrying capady levels, or K, on a landscape or re- 
gional scale (Homo sapiens is one of the few scies that has yet to reach carrying ca- 
pacity conditions on a global scale). Our polation tends to increase right up to or 
beyond one limit after another (food, fossil ffls, and diseases being the limits of con- 
cern at he Moment). Reward feedback, or dher means of maintaining the optimum 
rather than the maximum carrying capacitygvels, are only weakly developed for sev- 
eral reasons (1) many people living in de¥loped countries believe that science and 
jwill continue to find substituté for declining resources and continue to 

raise K infefinitely; (2) many families ling in developing countries often have a 



















game of frting with overshoots contiwes. There are good ecological reasons to reg- 
ulate th@uman population, but theinvolvement of complex social, economic, and 


Max-Neef (1995) compaied gross national product (GNP) trends with the 
Cobb (1989) index of sustainable economic welfare (ISEW). His findings sug- 
existence of an optimuneconomic carrying capacity. Figure 3-28 illustrates 
the GNP and the ISEWin the United States. The two indexes tracked one 


seef that during the 1970s, economic growth began to outpace the long-term eco- 
nog welfare (quality of life) trend. This trend suggests that economic growth has al- 
increased well beyond the optimum economic growth carrying capacity for the 
Pd States. 

hus, per capita energy use or lifestyle is as important as numbers in determining hu- 
carrying capacity. For example, a person. living in the United States consumes 
imes more high-quality energy than does a person living in India. In other words, 
times more people with an Indian lifestyle than with an American one can be sup- 


ed by a given resource base. For more on these two aspects of carrying capacity, 
t Catton (1980, 1987). 


foncept of Sustainability 


fhe concept of sustainability is directly related to the concept of carrying capac- 
fy. Dictionary definitions of to sustain include “to hold,” “to keep in existence,” “to 
support,” “to maintain,” or “to supply with sustenance or nourishment” (Merriam- 








Figure 3-28. Trends in the qross 
national product (GNP) index ant the 140 


index of sustainable economic welare 

(ISEW) in the United Siates, with he 130 Economic 
threshold suggested as the optim growth Ni 
carrying capacity. Open circles = G 120 


index; solid boxes = ISEW index (mo! 
ified from Max-Neef 1995; Barrett an 


Odum 2000). 


Figure 3-29. Energy-generating wind- 


mills in eastern Germany. 
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Webster's Cokgiate Dictionary, 10th see “sustain”). In terms of the environ- 
ment, Goodląd (1995) defined sustainabilly as maintaining natural capital and re- 
sources. The tym sustainability is increasing used as a guide for future develo : 
ment, in view f the fact that much of whatlumans are now doing in the area 7 
consumption andenvironmental managements obviously unsustainable. The diff- 
culties of using thèconcept of sustainable develénent as a goal or policy guide will be 
discussed in Chapt 11. Barrett and Odum (20) have suggested that in human af- 
fairs in the long tei, sustainability may be the effectively understood and dealt 
with in terms of the\ptimum carrying capacity c¢ept outlined earlier in this section 
New strategies and tichnologies, such as the uSf windmills to generate electricit | 
(Fig. 3-29), illustratehow natural capital (in thiåse, wind) can be used to eae 
economic capital (elettrical energy). 
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Figure 3-30. Concept of net energy. An energy conver- B 


sion system's output yield (A) must be greater than the en- 
ergy necessary to maintain the system (B) in order for the 


system to yield net energy. 
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Net Energy Concept 


Statement 


A growing number of people understand that{t takes energy to produce energy (and 
to recycle materials) because some of the en¢gy produced by any given conversion 
system must be either fed back or supplerented by additional outside energy to 
maintain the system. To produce net energé, the yield must be greater than the en- 
ergy cost ofsustaining the conversion syst 


Explandion and Examples = / 


The congpt of net energy is diagramed in Figure 3-30. To have net energy, the 
yield, A, mst be greater than the energy cost, B, of maintaining the conversion system. 
For a poger plant to be really worthwhile, for instance, the net energy needs to be at 
least tw@imes, preferably four tims, the energy cost or energy penalty, as engineers 
have teged it. 
pit comes to energy see for humans, the question is not how much oil l 
al gas is present under the surface of the land and seas, but how much will 
be ava Bic when all the energy penalties associated with entropy dissipation (such 
as driJgg, protection of human health, and pollution prevention) have been paid. In 
1998mhen gasoline became very inexpensive in the United States, for example, 
manypshore drilling rigs, which are expensive to maintain, shut down. 
a e another example, in the United States, current uranium-fission power 
plang e so costly to build and maintain that their net energy is marginal, and vari- 
ousgyernment subsidies (tax dollars)—for example, to pay for waste containment 
= necessary to keep the plants running. To date, experiments in nuclear fusion 
hagfailed to produce any net energy. The extremely high temperatures and pres- 
sug required for fusion to occur make it extremely difficult to “tame” the H-bomb. 








and 


Energy-Based Classification of Ecosystems 


fatement 


i le source and quality of available energy determine to a greater or lesser degree the 
f nds and numbers of organisms, the pattern of functional and developmental pro- 


sses, and, directly or indirectly, the lifestyle of human beings. As energy is the com- 

















Table 3-11 
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non denominator and the ultimate forcing function of all ecosystems, whether nat- 
unl or designed by humans, it provides a logical basis for a “first-order” classification. 
Ot this basis, it is convenient to distinguish four classes of ecosystems: 


* Natural, unsubsidized solar-powered ecosystems. 
Natural solar-powered ecosystems subsidized by other natural energies. 
man-subsidized solar-powered ecosystems. 







Ful-powered, urban-industrial technoecosystems (using energy from fossil fuels 
or \ther organic or nuclear fuels). 


Thi classification is based on the input environment (see Fig. 2-1), and it con- 
trasts Wh and complements the biome classification (see Chapter 10), which is based 
mainly h the major vegetative structure of the ecosystem. 


Explamtion 


The four kgjor types of ecosystems classified according to source, level, and quan- 
tity of enetly are described in Table 3-11. Ecosystems rely on two dissimilar sources 
of energy: \) the Sun; and (2) chemical ornuclear fuels. Accordingly, one can con- 


veniently. ditinguish between solar-powerd and fuel-powered systems, while rec- 
ognizing tha\both energy sources can be usd in any given situation. In comparing 
the major clates of ecosystems (Table 3-11), te can speak of the energy flow per unit 
area as the paver density (recall that powelis energy use or dissipation per unit 
time). This mésure can also be considered to {present the amount of disorder oren- 
tropy that mustbe dissipated if the system is remain viable. 





| 
Category Example i (keed/m?)* ' 






1. Unsubsidized natural solar- Open oceans, UPY forests, 1000-10,000 
powered ecosystems" grasslands (2000) 

2. Naturally subsidized solar- Tidal estuaries, soba 10,000~40,000 
powered ecosystems* forests , (20,000) 

3. Human-subsidized solar- Agriculture, aaa 10,000-40,000 
powered ecosystems$§ \ (20,000) 

4. Fuel-powered urban- Cities, suburbs, indy 100,060-3,000,006 
industrial systems ** parks i (2,000;000}) 


*Numbers in parentheses are estimated round-figure averages. f Ro 


tThese systems constitute the basic life-support module (natural for spaceship Earth, 


*These are the naturally productive systems of nature that not only į igh life-support 
produce excess organic matter that may be exported to other SyStestored, 


These are food- and fiber-producing systems supported by di. other e subsidies sup- 
plied by humans. 8 


“These are our wealth-generating {also pollution-generating) SYSEM Dich fuel r eplaces 4he-Sun.as 
the chief energy source. They are dependent (parasitic) on the other |. „f ecosystems forlife-sup-. 
port, food, and fuel. ; : 


capacity but also 
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The systems of nature that depend largely or entrely on the direct rays of the 
Sun can be designated unsubsidized solar-powered ecosystems (Category 1 in 
Table 3-11). They are unsubsidized in the sense that there are few, if any, available aux- 
iliary energy sources to enhance or supplement solg radiation. Humans should be 
encouraged to protect and encompass the benefits Å Category 1 in future decision- 
making models. The open oceans, great tracts of land forests and grasslands, and 
large, deep lakes are examples of relatively unsubjdized solar-powered ecosystems. 
Frequently, they are subjected to other limitation as well, such as a shortage of nu- 
trients or water. Consequently, ecosystems in ths broad category vary widely, but 
they are generally low powered and have a low goductivity or capacity to do work. 
Organisms that populate such systems have evofed remarkable adaptations for liv- 
ing on scarce energy and other resources and u these resources efficiently, 

Although the power density of natural ecosyems in this first category is not very 
impressive, and such ecosystems themselves Puld not support a high density of 
people, they are nonetheless extremely impoyint because of their huge extent (the 
oceans alone cover almost 70 percent of tH planet). For humans, the aggregate © 
of unsubsdized solar-powered natural ecofstems can be thought of—and cer- 
tainly should be highly valued—as the basigife-support module that stabilizes and 
homeorhetically controls spaceship Earth. Ij these systems, large volumes of air are 
` purified daly, water is recycled, climates af controlled, weather is moderated, and 
much oth useful work is accomplished. [hese processes and services are termed 
natural c@ital. A portion of the food andfiber needs of humans are also produced 
as a by-pfduct without economic cost ofmanagement effort by humans. This eval- 
uation, ofourse, does not include the pgceless aesthetic values inherent in a sweep- 

ing view f an ocean, the grandeur of ar‘unmanaged forest, or the cultural desirabil- 
ity of grfn, open spaces (see Daily 1997; Daily et al. 1997 for an outline of the 
benefits {plied to human societijs by natural ecosystems). 

Whauxiliary sources of enfrgy can be‘used to augment solar radiation, the 
power @sity can be raised consflerably, perhaps by an order of magnitude. Recall 
that anjergy subsidy is an ma energy source that reduces the unit cost of self- 





maintegice of the ecosystem art thereby increases the amount of solar energy that 
can bepnverted to organic production. In other words, solar. energy is augmented 
by noplar energy, freeing it fer organic production. Such subsidies can be either 
naturg? synthetic (or, of cours, a combination). For the purpose of simplified clas- 
sificqp, naturally subsidized and human-subsidized solar-powered ecosystems 
haven listed as Categories 2 and 3, respectively, in Table 3-11. 
astal estuary is an example of a natural ecosystem subsidized by the auxiliary 
enepp! tides, waves, and currents. Because the ebb and flow of water partly recycles 
mi! nutrients and transports food and wastes, the organisms in an estuary can . 
coptrate their efforts, so to speak, on more efficient conversion of the energy of 
thgm to organic matter. In a very real sense, organisms in the estuary are adapted 
tq tidal power. Consequently, estuaries tend to be more fertile than, say, an adja- 
cfpnd area or pond that receives the same solar input but does not have the benefit 
g tidal energy subsidy. Subsidies that enhance productivity can take many other 
s—for example, wind and rain in a tropical rain forest, the flowing water of a 
n, or imported organic matter and nutrients received by a small lake from its 
shed. 
tuman beings learned early how to modify and subsidize nature for their direct 
t, and we have become increasingly skillful not only in raising productivity but 
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more especially in channeling that productivity into food and fiber materials that are 
easily harvested, processed, and used. Agriculture (land-based culture) and aqua- 
culture (water-based culture) are the prime examples of Category 3 (Table 3-11), the 
human-subsidized solar-powered ecosystems. High yields of food are maintained 
by large inputs of fossil fuels (and, in primitive agriculture, human and animal labor) 
into cultivation, irrigation, fertilization, genetic selection, and pest control. Thus, fuel 
for tractors (and animal or.human labor) is just as much an energy input in agro- 
ecosystems as sunlight, and it can be measured as horsepower or calories expended, 
not only in the field but also in processing and transporting food to the supermarket. 

In Table 3-11, the productivity or power levels of natural and human-subsidized 
solar-powered ecosystems are the same. This evaluation is based on the observation 
that the most productive natural ecosystems and the most productive agroecosystems 
are at about the same productivity level; 50,000 kcal - m~?» year” seems to be about 
the upper limit for any plant photosynthetic system in terms of continuous, long- 
term function. The real difference between these two classes of systems is the distri- 
bution of the energy flow. People channel as much energy as possible into food they 
can use immediately, whereas nature tends to distribute the products of photosyn- 
thesis among many species and products and to store energy as a “hedge” against bad 
times, in what will be later discussed as a strategy of diversification for survival. 

The fuel-powered ecosystem (Category 4 in Table 3-11), otherwise-known as 
the urban-industrial system, is a crowning achievement of humanity. The highly con- 
centrated potential energy of fuel replaces—rather than merely supplements—the 
energy of the Sun. As cities are now managed, solar energy is mostly unused and fre- 


- quently becomes a costly nuisance by heating up the concrete and contributing to the 


generation of smog. Food—a product of solar-powered systems—is considered ex- 
ternal, as it is largely imported from outside the city. As fuel becomes more expen- 
sive, cities will likely become more interested in using solar energy. Perhaps a new 
class of ecosystem, the Sun-subsidized, fuel-powered city, will increasingly become 
a new category during the twenty-first century. It may be wise to develop new tech- 
nologies designed to concentrate solar energy to a level where it might partially re- 
place fuel rather than merely supplement it (see Fig. 3-29 for an example). 


Energy Futures 


Statement 


The history of civilization is very closely coupled with the availability of energy 
sources. Hunters and gatherers lived as part of natural-food chains in solar-powered 
ecosystems, achieving their highest density in naturally subsidized systems at coastal 
and riverine sites. When agriculture developed about 10,000 years ago, carrying ca- 
pacity was greatly increased as humans became more skillful at cultivating plants, do- 
mesticating animals, and subsidizing edible primary production. For many centuries, 


wood and other biomass provided the chief energy source. Architectural and agri- 


cultural accomplishments were achieved with biomass-fueled muscle-power (physi- 
cal labor, both animal and human). This period can be termed the age of muscle power. 
Next came the age of fossil fuels, which provided such a bountiful supply that the 
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global population doubled every half century. Machines powered by oil and electric- 
ity have gradually replaced animal and human labor in the developed countries. Un- 
til recently, it seemed likely that as fossil fuels became exhausted, the third age of 
humankind would be the age of atomic energy. But pumping out the high disorder as- 
sociated with this energy source to obtain net energy has so far proved troublesome, 
so the future of atomic energy is unpredictable. Other options for the future (the age 
of technology) include returning to solar energy and using hydrogen as a fuel. 


Explanation 


Civilization has progressed through the four ecosystem types outlined in Table 3-11. 
In the closing decades of the twentieth century and the first decade of the twenty-first 
century, the part of the world that consumes petroleum and other fossil fuels on a 
large scale'has been operating as a fuel-powered system, whereas the part that by 
some has been termed the Third World remains essentially dependent on biomass 
(food and wood) and human labor as its major energy sources. As-already noted, the 
difference in per capita income between high-energy and low-energy countries has 
created worrisome social, economic, and political conflicts. Despite worldwide effórts 
to close the gap, happenings such as the terrorist attack on the World Trade Center 
towers on 11 September 2001 have been increasing rather than decreasing. 

At the first International Conference for Peaceful Uses of Atomic Energy, held in 
Geneva in 1955, the chair of the conference, the late Homi J. Bhabha of India, de- 


. scribed three ages of humankind as the age of muscle power, the age of fossil fuels, 


and the atomic age. Bhabha spoke eloquently of his belief that because of the univer- 
sal availability of the atom, the coming of the atomic age would close the gap between 
rich and poor nations. The dream of équal and abundant energy for all from the atom 
has yet to materialize, because tapping the enormous potential of atomic energy has 
proved to have a far greater disorder potential than anticipated in 1955. Carroll Wil- 


son, the first general manager of the U.S. Atomic Energy Commission, in an article 
(1979) entitled “What Went Wrong?” wrote, 


No one appeared to understand that if the whole system does not hang together 
coherently, none of it might be acceptable. 


Until the entire cycle from raw material to waste disposal becomes “coherent,” and 
new, more effective ways to tap energy from nuclear sources are devised, the coming 
of the atomic age is at least postponed. 

In the meantime, other options being considered in the twenty-first century in- 
clude a return to solar power, coupled with more efficient (less wasteful) use of the 
remaining fossil fuels to prolong their availability for as many years as possible. As 
pointed out in the discussion on energy quality (Section 5 of this chapter), concen- 
trating this dispersed but abundant and renewable energy source may be costly and 
will require new and improved existing technology (such as photovoltaics). Locally, 
indirect solar energy derived from wind, water flow, and temperature differences in 
the tropical sea is already being tapped (see Fig. 3-29). The last is especially promis- 
ing as a renewable source with the use of a technology known as ocean thermal 
energy conversion (OTEC), which taps the temperature differential between warm 
surface water and deep cold water to drive Rankin-cycle engines and generate elec- 
tricity. Such power plants using, as it were, stored solar energy can be located on 
barges anchored in equatorial waters (see Avery and Wu 1994). Geothermal power 
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is another potential renewable source in localities where the heat of the inner Earth 
is near the surface. 

Finally, the use of hydrogen as a substitute for gasoline or natural gas to run auto- 
mobiles and other machinery is another option. Burning hydrogen instead of carbon- 
based fossil fuels would reduce the global warming threat, as CO,, a greenhouse gas, 


_would not be emitted. There is plenty of hydrogen in water, but breaking the bonds 


in H,O to release hydrogen requires an abundance of high-quality energy; thus, the 
question of net energy comes up again. Electricity produced by OTEC or other direct 
and indirect solar sources could fill this need. 

Then there are the cornucopian (“horn of plenty”) optimists among us—es- 
pecially Jesse Ausubel (1996) and his colleagues at Rockefeller University —who 
suggest that a combination of a hydrogen economy, wasteless industry, and land- 
reduced agriculture will not only support a large human population, but will make 
possible the preservation of large areas of the natural environment to provide air and 
water life support and homes for endangered species. 


Energy and Money 


Statement 


Money, as an example of currency, is directly related to energy, because it takes en- 
ergy to make money, and it costs money to buy energy. Money is a counterflow to en- 
ergy, in that money flows out of cities and farms to pay for the energy and materi- 
als that flow in. The trouble with current economic practices is that money tracks 
human-made goods and services, but not the equally important goods and services 
provided by natural systems. At the ecosystem level, money enters the picture only 
when a natural resource is converted into marketable goods and services, leaving un- 
priced (and therefore unappreciated) all the work of the natural system that sustains 
this resource. It is vital that human market capital and natural capital be interfaced 
and environment quality be maintained if we are to avoid a global boom and bust as 
the natural capital is unnecessarily depleted to produce ever more market goods and 
services. 


Explanation and Illustrations 


Figure 3-31 shows an energy flow model of an estuary that 1s producing market 
goods in the form: of seafood. Money enters the picture only after the harvest of 
shrimp and fish, leaving all the work of the estuary unpriced. In this example, the 
value of the work of the-estuary in energy-converted dollars is calculated to be at least 
10 times the value of the market goods and services extracted. Figure3-32 depicts a 
typical: energy support system for humans. Note that meney counterflows accom- 
pany energy flows from human-made and domesticated ecosystetas, but not from 
natural ecosystems. 

Kenneth Boulding was one of the first economists to be elected to ihe-prestigious 
Nationab Academy of Sciences (NAS). In the 1960s and 1970s; he-arguea for the de- 
velopment of a more holistic economics that would close the gap: beeween market 
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Figure 3-31. Energy flow model of an estuarine ecosystem harvested for seafood, including . 
money flows ($). In conventional economics, money is seldom involved until the fish are caught; 
the work of the estuary (natural capital) to provide the fish is given no economic value. The to- 
tal value of the estuary in terms of useful work for humans is at least ten times the value of the 
harvested product (Gosselink et al. 1974). 


Figure 3-32. Conventional energy Energy 
support system for humans. Money flows sources 
($) accompany energy flows for human- 
made and domesticated ecosystems, 
but not for natural ecosystems (cour- 
tesy of H. T. Odum). 
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(priced) and nonmarket (unpriced) values. His numerous books and articles have 
provocative titles, such as A Reconstruction of Economics (1962), “The Economics of 
the Coming Spaceship Earth” (1966), and Ecodynamics: A New Theory of Societal Evo- 
lution (1978). His writings have been widely cited but have had little effect on the eco- 
nomic practices of his time. However, during the twenty-first century, a serious dia- 
logue between economists and ecologists has begun to create the new interlace field 
of ecological economics, with new societies and journals. Daly and Cobb (1989), 
Costanza (1991), Daly and Townsend (1993), H. T. Odum (1996), Prugh et al. (1995), 
Costanza, Cumberland, et al. (1997), and Barrett and Farina (2000) are among those 
leading this dialogue, which is finally getting the attention of global citizenry and po- 
litical leadership. As is so often the case, timing is of the essence, and the time has 
come for reforms. 

In conclusion, monetary currency is an important invention, and it now provides 
the basis for decision making at most levels of society. We must remember, however. 
that monetary systems do not presently take into account all the real costs of living. 
We must correct this “market failure” and take care that money is not allowed to be 
the only factor in the decision-making process. When it comes to the quality of hu- 
man life, money and the consumption of human-made market products on which 
current economies are based are not the only considerations. An appreciation of nat- 
ural capital and a commitment to ecosystem and human health deserve higher pri- 
orities in the never-ending pursuit of happiness and well-being. 
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Basic Types of Biogeochemical Cycles 


Statement 


The chemical elements, including all the essential elements of life, tend to circulate 
in the biosphere in characteristic pathways from environment to organisms and back 
to the environment. These more or less circular pathways are known as biogeo- 
chemical cycles. The movement of these elements and inorganic compounds that 
are essential to life can be conveniently designated as nutrient cycling. Each nutrient 
cycle can also be conveniently divided into two compartments or pools: (1) the reser- 
voir pool, the large, slow-moving, generally nonbiological component; and (2) the 
labile or cycling pool, a smaller but more active portion that is exchanging (moving 
back and forth) rapidly between organisms and their immediate environment. Many 
elements have multiple reservoir pools, and some (such as nitrogen) have multiple 
labile pools. From the viewpoint of the ecosphere as a whole, biogeochemical cycles 
fall into two basic groups: (1) gaseous types, in which the reservoir is in the atmo- 
sphere or the hydrosphere (ocean); and (2) sedimentary types, in which the reser- 
voir is in the crust of Earth. The dissipation of energy in some form is always neces- 
sary to drive material cycles. 


Explanation 


As emphasized in Chapter 2, it is essential in ecology to study not only organisms and 
their environmental relations but also the basic nonliving environment in relation to 
organisms. We have seen how the two ecosystem divisions—the biotic and the abi- 
otic—coevolve and influence each other's behavior. Of the elements occurring in na- 
ture, between 30 and 40 are known to be required by living organisms (essential ele- 
ments). Some elements, such as carbon, hydrogen, oxygen, and nitrogen. are needed 
in large quantities; others are needed in small, even minute, quantities. Whatever the 
quantitative need may be, essential elements exhibit definite biogeochernical cycles. 
The nonessential elements (elements not required for life), though less closely coupled 
with organisms, also cycle, often flowing along with essential elements either in the 
water cycle or because of a chemical affinity with them. 

Bio- refers to living organisms and geo- refers to Earth. Geochemistry is con- 
cerned with the chemical composition of Earth and with the exchange of elements 
between different parts of Earth's crust, its atmosphere, and its oceans, rivers, and 
other bodies of water. The concept of geochemistry is credited to the Russian Poly- 
nov (1937) and is defined as the role of chemical elements in the synthesis and de- 
composition of all kinds of materials, with special emphasis on weathering.. Biogeo- 
chemistry, a science founded in 1926 by the Russian V. I. Vernadskij (1998) and 
made prominent by the early monographs of G. E; Hutchinson (1944, 1948. 1950), 
thus involves the study of the exchange of materials between living and nonliving 
components of the ecosphere. Fortescue (1980) reviewed geochemistry from ameco- 
logical and holistic perspective in terms of landscape geochemistry. Excerpts from 
key papers in the development of the field of biogeochemistry are presented by 
Butcher et al. (1992) and Schlesinger (1997). 

In Figure 4-1, a biochemical cycle is superimposed on a simplified energy flow 
diagram to show how the one-way flow of energy drives the cycle of matter. It is im- 
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‘Figure 4-1. Biogeochemical cycle (black circle) super- 
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imposed on a simplified energy flow diagram, contrasting the Exports 


cycling of material with the one-way flow of energy. Pg = 
gross primary production; Py = net primary production; P = 
secondary production; R = respiration (after E. P. Odum 
1963). 


Community respiration 


portant to emphasize that energy in some form usually must be expended to recycle 
materials—a fact of life to remember when it comes to the increasing need for hu- 
mans to recycle water, metals, paper, and other materials. Thus, the science of hu- 
man ecology—the study of the impact of humankind on and integration with nat- 
ural systems—has become a vital component of natural and human-built systems 
management. 

Elements in nature are almost never homogeneously distributed, nor are they 
present in the same chemical form throughout the ecosystem. In Figure 4-1, the 
reservoir pool—the portion of the cycle that is chemically or physically remote from 
organisms—is indicated by the box labeled “nutrient pool,” whereas the cycling por- 
tion is designated by the circle going from autotrophs to heterotrophs and back again. 
Sometimes, the reservoir portion is termed the unavailable pool, and the active, cycling 
pool is termed the available or exchangeable pool. For example, agronomists routinely 
measure the fertility of the soil by estimating the concentration of exchangeable nutri- 
ents—that usually small part of the total soil nutrient content that is quickly available 
to plants. Such designations are permissible provided one clearly understands that 
the terms are relative. An atom in the reservoir pool is not necessarily permanently 
unavailable to organisms, because there are slow fluxes between available and un- 
available components. The methods used to estimate exchangeable nutrients in soil 
testing (usually extraction with weak acids and bases) are at best only approximate 
indicators. The relative size of reservoir pools is important when one is assessing the 
effect of human activity on biogeochemical cycles. Generally, the smallest reservoir 
pools will be the first affected by changes in element fluxes. For example, the amount 
of carbon in the atmosphere (mostly in the form of CO,) is a very small part of the 
total carbon in the biosphere, but a small change in this pool has a very large effect 
on the temperature of Earth. 

Human beings are unique in not only requiring the 40 essential elements but also 
using nearly all the other elements, including the newer, synthetic ones. Humankind 
has so speeded up the movement of many materials that the self-regulating processes 
that tend to maintain homeorhesis are overwhelmed and nutrient cycles tend to be- 
‘come imperfect, or acyclic, resulting in the paradoxical situation of “too little here and 
too much there.” For example, humans mine and process phosphate rock with such 
careless abandon that severe local pollution occurs near mines and phosphate mills. 
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Then, with equally acute myopia, humans increase the input of fertilizers in agricul- 
tural systems with little consideration of the inevitable increase in runoff, which se- 
verely stresses waterways and reduces water quality. 

Pollution has frequently been defined as resources misplaced. The aim of the con- 
servation of natural resources in the broadest sense is to make acyclic processes be- 
come more cyclic. The concept of recycling must increasingly become a major goal for 
societies. The recycling of water is a good beginning, because if the hydrologic cycle 
can be maintained and repaired, there is a better chance of controlling the nutrients 
that move along with the water. 


Examples 


Five examples will illustrate the principle of cycling. The nitrogen cycle is an ex- 
ample of a very complex, well-buffered, gaseous-type cycle; the phosphorus cycle is 
an example of a simpler, less well buffered, regulated sedimentary-type cycle. Both 
these elements are often very important factors limiting or controlling the abundance 
of organisms, and, in recent times, overfertilization with both these elements has 
been creating severe adverse effects on a global scale. 

The sulfur cycle has been selected to illustrate (1) the links between air, water, 
and the crust of Earth, as there is active cycling within and between each of these 
pools; (2) the key role played by microorganisms; and (3) the complications caused 
by industrial air pollution. The reservoir sizes and turnover times of four biologically 
active elements are presented in Table 4-1. The carbon cycle (Table 4-1) and the hy- 
drolegie- cycle (Table 4-2) are crucial to life and are being increasingly affected by 
human activities. When discussing biogeochemical cycles, it is also important to dis- 
tinguish between the boundaries of an ecosystem—both natural boundaries and 
those set by ecologists for purposes of study and modeling—and what is termed its 
footprint or region of influence. 


Cycling of Nitrogen 


Figure 4-2 shews two different ways to picture the complexities of the nitrogen cy- 
cle; each illustrates-a major overall feature or driving force. Figure 4-2A brings cui 
the circularity-of nutrient flows and the kinds of microorganisms required tor the ba- 
sic exchanges between organisms and environment. The nitrogen in protoplasm is 
broken down from organic to inorganic forms by a series of decomposer bacteria, each 
specialized for a particular part of the cycle. Some of the nitrogen-ends up as am- 
monium:and nitrate, the forms mest readily. used by green plants. The atmosphere, 
which is approximately 73 percent nitrogen, is the greatest reservoir and salety valve 
of the system. Nitrogen is continually entering the-atmospheve by the action of deni- 
trifying bacteria and continually returning to the cycle through the action of nitrogen- 
fixing microorganisms (biofixation) and through the action: of lighting anc other phys- 
ical fixation. 

The steps from proteins down to nitrates provide energy for the organisms that 
accomplish the breakdown, whercas the return steps require energy from other 





Table 4-1 


i a 


Reservoir sizes and turnover times of biologically active elements 


R SSSA 


Reservoir 


Quantity 


Turnover time* 


eee 


Nitrogen (10'? g N) ` 
Atmosphere (N,) 
Sediments 

Ocean (dissolved N,) 
Ocean (inorganic) 
Soil 

Terrestrial biomass 
Atmosphere (N,O) 
Marine biomass 


Sulfur (10'? g S) 
Lithosphere . 
Ocean 

Sediments 

Soils 

Lakes 

Marine biota 
Atmosphere 


.Phosphorus (10'* g P) 


Sediments 
Land 

Deep ocean 
Terrestrial biota 
Surface ocean 
Atmosphere 


Carbon (10"? g C) 


- Sediments, rocks 


Deep ocean (DIC) 
Soils 

Surface ocean 
Atmosphere _ 
Deep ocean (DOC) 
Terrestrial biomass 
Surface sediments 
Marine biomass 


4X 10° 
5 x 10° 
2.2 X 10’ 
6 x 10° 
3x 108 
1.3 x 104 
1.4 x 104 
4.7 X 10? 


2x 10'° 
3 X 10° 
3 x 108 
3 x 10° 
300 
30 
4.8 


4X 10° - 


2x 10° 
8.7 x 104 

3000 

2700 


77 x 10° 


` 38,000 


1500 
1000 
750 
700 
550-680 
150 
2 


* Turnover time in years unless otherwise noted. ` 


8-25 days 


2x 10° 
2000 
1500 
~50 
2.6 
0.028 days 


> 10° 
2000 
< 10-108 | 
decades 
5 
5000 
50 
0.1-1000 
01-1 
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Figure 4-2.’ Two ways of depicting the biogeochemical cycle of nitrogen, an example of a 
relatively well-buffered, self-regulating cycle with a large atmospheric reservoir. (A) Circulation 
of nitrogen between organisms and the environment, showing microorganisms responsible for 
key steps. (B) Schematic diagram of the nitrogen cycle, depicting global pools and fluxes per 
year expressed in billions of metric tons (10'° g). (Reproduced from Schlesinger 1997; we 
thank Lawrence Pomeroy for recent corrections in values.) (continued) 





sources, such as organic matter or sunlight. For example, the chemosynthetic bacte- 
ria Nitrosomonas (which converts ammonia to nitrite) and Nitrobacter (which converts 
nitrite to nitrate) obtain energy from the breakdown of organic matter, whereas de- 
nitrifying and nitrogen-fixing bacteria requite energy from other sources to accom- 
plish their respective transformations. ` l 
There is also an important short cycle of nitrogen in the living biosphere, in 
which heterotrophic organisms break down proteins enzymatically and: excrete the 
excess nitrogen as urea, uric acid, or ammonium. Specialized bacteria gain energy for 
their livelihood by oxidizing the ammonium to nitrite and the nitrite to nitrate. All 
three—ammonium, nitrite, and nitrate—may be used.as basic nitrogen-sources by 
plants. Plants that use nitrate must produce enzymes to convert it back to ammo- 
nium, so nitrate is a more energy-expensive source of nitrogen than ammonium from 
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Figure 4-2. (continued) 





a plant’s point of view; thus, most plants will preferentially use ammonium when it 
is available. . 

Until about 1950, the capacity to fix atmospheric nitrogen was thought to be lim- 
ited to these few but abundant kinds of microorganisms: 


° Free-living bacteria: Azotobacter (aerobic) and Clostridium (anaerobic). 
° Symbiotic nodule bacteria on legume plants: Rhizobium. 


* Cyanobacteria: Anabaena, Nostoc, and several other genera (formerly termed blue- 
green algae, but they are green bacteria, not algae). 


Then it was discovered that the purple bacterium Rhodospirillum and other rep- 
resentatives of the photosynthetic bacteria are also nitrogen fixers and that a variety 
of Pseudomonas-like soil bacteria also have this capacity. Later, it was discovered that 
actinomycetes (a kind of filamentous bacteria) in the root nodules of alders (Alnus) 
and certain other nonleguminous woody plants fix nitrogen as efficiently as do Rhi- 
zobium bacteria in legume nodules. Nitrogen fixation also occurs in the ocean. For ex- 
ample, nitrogen fixation by Trichodesmium blue-green bacteria in the ocean is limited 
by iron. As a result, nitrogen fixation is seasonal and controlled by the pattern of dust 
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fallout on the sea from the Gobi and Sahara Deserts and from upwellings or coastal 
sources. So far, 160 species in eight genera in five families of dicotyledons have been 
shown to possess actinomycete-induced nodules. Unlike legumes, which are largely 
tropical in origin, these nitrogen fixers originate in the North Temperate Zone. Most 
species are adapted to poor sandy or boggy soils where available nitrogen is scarce. 
Some species, such as alders (Alnus), have the potential of increasing forest yields 
when interplanted with timber species. An example of a nodule nitrogen fixer is 
shown in Figure 4-3. 

Nitrogen fixation by cyanobacteria may take place in free-living forms or in forms 
symbiotic with fungi, as in certain lichens, or with mosses, ferns, and at least one seed 
plant. The fronds of the small, floating aquatic fern Azolla contain small pores filled 
with symbiotic Anabaena that actively fix nitrogen. For centuries, this fern has played 
an important role in paddy rice culture in the Orient. Before the rice seedlings are 
planted, the flooded paddies are covered with the aquatic ferns, which fix enough ni- 
trogen to supply the crop as it matures. This practice, combined with the encour- 
agement of free-living nitrogen-fixing microorganisms, permits rice to be grown sea- 
son after season in the same paddy without the addition of fertilizer. However, rice 
paddies are also among the major sites of denitrification and methane production. 

The key to biofixation is the enzyme nitrogenase, which catalyzes the splitting of 
N, (Fig, 4-2A). This enzyme can also reduce acetylene to ethylene, thereby providing 
a convenient way to measure nitrogen fixation in nodules, soils, water, or wherever one 
suspects that fixation is occurring. The acetylene reduction method, together with 
the use of the isotopic tracer !°N, has revealed that the ability to fix nitrogen is wide- 
spread among photosynthetic, chemosynthetic, and heterotrophic microorganisms. 
There is even evidence that microorganisms growing on leaves and epiphytes in hu- 
mid tropical forests fix appreciable quantities of atmospheric nitrogen, some of which 
may be used by the trees themselves. In short, it appears that biological nitrogen fixa- 
tion goes on in both the autotrophic and the heterotrophic strata of ecosystems and 
in both aerobic and anaerobic zones of soils and aquatic sediments. 





Figure 4-3. Root nodules on a soybean plant (Glycine max) de- 
picting the location of mutualistic nitrogen-fixing bacteria (Rhizobium 
leguminosarum). The nodules are the sites where the bacteria fix at- 
mospheric nitrogen and convert it into nitrogenous compounds which 
are used by the plant in the synthesis of proteins and nucleic acids. 
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Nitrogen fixation is especially energy expensive because much energy is re- 
quired to break the triple bond of molecular N, (N=N) so that it can be converted 
(with the addition of hydrogen from water) to two molecules of ammonia (NH3). For 
biofixation by legume nodule bacteria, some 10 g of glucose (about 40 kcal) from plant 
photosynthate is required to fix 1 g of nitrogen (efficiency 10 percent). Free-living ni- 
trogen fixers are less efficient and may require up to 100 g of glucose to fix 1 g of 
nitrogen (efficiency 1 percent). Similarly, a lot of fossil fuel energy has to be expended 
in industrial fixation, which is why nitrogen fertilizer is more expensive, pound for 
pound, than most other fertilizers. 

In summary, only procaryotes (primitive microorganisms) can conyert biologi- 
cally useless nitrogen gas into the nitrogen forms required to build and maintain liv- 
ing cells. When these microorganisms form mutually beneficial partnerships with 
higher plants, nitrogen fixation is greatly enhanced. The plant provides a congenial 
home (a root nodule or leaf pocket), protects the microbes from too much O, (which 
inhibits N, fixation), and furnishes the microbes with the high-quality energy re- 
quired. In return, the plant gets a readily assimilable supply of fixed nitrogen. This 

cooperation for mutual benefit—a survival strategy very common in natural sys- 
tems—could be emulated in human-made systems to greater benefit. Nitrogen fixers 
work hardest when the nitrogen supply in their environment is low; adding nitrogen 

fertilizer to a legume crop shuts down biofixation. 
i It may be possible to genetically engineer nodule formation on corn and other 
i grain crops, reducing the need for and pollution from mineral nitrogen fertilizers, 
i which tend to run off more than organically fixed nitrogen. A number of commercial 
genomics companies are working on splicing nitrogen-fixing genes into corn. How- 
i ever, there would be a cost in reduced yield, as some of the primary production that 
l would otherwise go to grain production would be diverted to support the ‘nodule, as 

noted previously. 


spaghetti 


Detrimental Effects of Too Much Nitrogen 


In earlier editions of this book, the primary emphasis was on nitrogen as a major lim- 
iting factor. Now; a major concern is the adverse effects of too much nitrogen—a “too | 
much of a good thing” situation. Figure 4-2B provides recent estimates of annual 
global nitrogen fluxes in teragrams (1 Tg = 10" grams or 1 million metric tons), in- 
cluding estimates for the magnitude of the flows directly related to human activities. 
Fertilizer production and use, legume crops, and fossil fuel burning worldwide de- 
posit approximately 140 Tg/year of new nitrogen into soil, water, and air—about 
equal to the estimated nitrogen fixed naturally: Human sewage and domestic animal 
manure contribute perhaps half again as much. Very few of these inputs are recycled, 
because they escape into soils or streams, or are mixed with heavy metals or other 
toxins. p f . 

Most natural ecosystems, and most native species, are adapted to low-nutrient 
environments. Enrichment with nitrogen and other nutrients opens the door for op- 
portunistic “weedy-type” species that are adapted to high-nutrient conditions. For ex- 
ample, in natural grasslands in Minnesota and California that have been nitrogen en- 
riched, almost all native species of plants have been replaced by weedy exotic species, 
resulting in reduced biodiversity (Tilman 1987, 1988). Based on extensive field evi- 
dence, Tilman et al. (1997) predicted that nitrogen deposition is likely to strongly af- 
fect ecosystem processes. Annual inputs of nitrogen in fertilizer and municipal sludge 
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applied to old-field communities in Ohio also significantly reduced plant diversity on 
a long-term basis compared to control plots (Brewer et al. 1994). 

As is so often the case, anything that is detrimental to natural ecosystems even- 
tually becomes detrimental to humans. Excess nitrogen compounds in drinking wa- 
ter, in food, and especially in the air, pose threats to human health. Excess nitrate in 
drinking water can also be caused by exotic legumes; for example, the introduction 
of the legume tangan-tangan (Leucaena leucocephala) from the Philippines after World 
War II has poisoned the groundwater in much of Guam. 

In summary, nitrogen enrichment is reducing biodiversity and increasing the 
number of pests and diseases globally, and is also beginning to adversely affect hu- 
man health. For more on excess nitrogen as a present and future threat to the envi- 
ronment, see Vitousek, Mooney, et al. (1997). 


Cycling of Phosphorus 


The phosphorus cycle appears somewhat simpler than the nitrogen cycle, because 
phosphorus occurs in fewer chemical forms. As shown in Figure 4-4, phosphorus, a 
necessary constituent of protoplasm, tends to circulate with organic compounds in 
the form of phosphates (PO,), which are again available to plants. The great reser- 
voir of phosphorus is not the air, however, but in apatite mineral deposits formed in 
past geological ages (that is, in the lithosphere). Atmospheric dust and aerosols te- 
turn 5 X 10” g of phosphorus (not phosphate) to the land yearly, but phosphate 
continually returns to the sea, where part of it is deposited in the shallow sediments 
and part of it is lost to the deep sediments. 

Contrary to. popular belief, seabirds play only a limited role in returning phos- 
phorus to the cycle (witness the guano deposits located on the coast of Peru). This 
transfer of phosphorus and other materials by birds from the sea to the land is con- 
tinuing—likely at the same rate at which it occurred in the past—but these guano 
deposits have been mined out. Although rookeries everywhere produce local con- 
centrations of phosphate and uric acid, their global importance is limited. We cur- 
rently retrieve phosphate from ancient bone beds located in Florida and Russia. 

Unfortunately, human activities appear to hasten the rate of loss of phosphorus 
and, thus, to make the phosphorus cycle less cyclic. Although an abundance of ma- 
rine fish are harvested, it is estimated that only about 60,000 tons of phosphorus per 
year are returned to the cycle in this manner, compared with the one to two million 
tons of phosphate that is mined and used for fertilizer, much of which is washed away 
and lost. There is no immediate cause for concern about supplies fer human use. as 
the known reserves of phosphate beds.are large: However, the mining and: process- 
ing of phosphate for fertilizer creates severe local pollution probiems, as-is evident in 
the Tampa Bay area of Florida, where there are very large deposits. 

Walsh and Steidinger (2001) suggested that phosphate mining is probabby part . 
of the cause of the Florida red tides, the other factor being Sahara dust-tnat provides 
iron for marine N; fixation. Walsh: and Steidinger’s (2001) kypethesis is that dust 
from the Sahara regularly reaches the Gulf of Mexico, bringing iron, which stimulates 
a Trichodesmium bloom. The nitrogen thus fixed, plus the phosphate fromthe Flor- 
ida deposits, stimulate a general bloom of phytoplankton. Zooplankton then eat all 
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Figure 4-4. (A) Model diagram of 
the phosphorus cycle. (B) The global 
phosphorus cycle, depicting reservoir 
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the nontoxic phytoplankton, leaving a residual red tide of toxic Karenia brevis. Fur- 
thermore, spraying wastewater and sewage on the land is nowadays so common that 
it has become a new form of pollution. The excess of dissolved phosphate in aquatic 
systems resulting from this increased input of urban-industrial and agricultural 
runoff is a concern at present. Ultimately, phosphorus will have to be recycled on a 
large scale to avoid famine. 

One experimental procedure for recycling phosphorus “uphill” involves spraying 
wastewater on upland or old-field vegetation or passing it through natural or engi- 
neered wetlands (marshes and swamps) instead of piping it directly into streams and 
rivers (see Woodwell 1977; Soon et al. 1980; W. P. Carson and Barrett 1988; Levine 
et al. 1989). The “poster child” for phosphate pollution is the Everglades, which has 
a PO, concentration in its flowing waters comparable to the concentration in the sur- 
face water of the Sargasso Sea. The Everglades has been polluted for decades by agri- 

f cultural runoff, and the problem is exacerbated by more rapid water movement in 
canals. Currently, the plan is to create, at great expense, “expendable” wetlands adja- 
cent to agricultural areas to “soak up” the phosphorus and retain it in sediments— 
likely another “quick fix” with some unplanned payback in the future. 

At any rate, as depicted in Figure 4-4, phosphorus will loom large in the future 
because, of all the macronutrients (vital elements required in large amounts by life), 
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phosphorus is the most scarce in terms of its relative abundance in available pools on 
the surface of Earth. 

The interaction of nitrogen and phosphorus is especially worthy of attention. The 
N/P ratio in average biomass is about 16 to 1, and in streams and rivers about 28 to 
1. Schindler (1977) reported experiments in which fertilizers with different N/P ra- 
tios were added to a whole lake. When the N/P ratio was reduced to 5, nitrogen- 
fixing cyanobacteria dominated the phytoplankton and fixed enough nitrogen to 
raise the ratio to within the range of many natural lakes. Schindler hypothesized that 
lake ecosystems have evolved natural mechanisms to compensate for deficits of ni- 
trogen and carbon, but not for deficits of phosphorus, which does not have a gaseous 
phase. Accordingly, primary production in freshwater systems is very often corre- 
lated with available phosphorus. 


Cycling of Suttur 


. 


Sulfate (SO,), like nitrate and phosphate, is the principal biologically available form 
that is reduced by autotrophs and incorporated into proteins, sulfur being an essen- 
tial constituent of certain amino acids. Not as much sulfur is required by the eco- 
system as nitrogen and phosphorus, nor is sulfur as often limiting to the growth of 
plants and animals. Nevertheless, the sulfur cycle is a key one in the general pattern 
of production and decomposition. For example, when iron sulfides are formed. in 
sediments, phosphorus is converted from an insoluble to a soluble form, as depicted 
in Figure 4-4, and thus enters the pool available to living organisms. This is an illus- 
tration of how one nutrient cycle regulates another. The recovery of phosphorus as 
part of the sulfur cycle is most pronounced in the anaerobic sediments of wetlands, 
which are also important sites for the recycling of nitrogen and carbon. 

Figure 4-5A provides estimates of the amount of sulfur in the reservoir pools 
(lithosphere, atmosphere, and oceans) and the annual fluxes in and out of these 
pools, including inputs and outputs directly-related to human activities. Figure 4-5B 
emphasizes the key role played by specialized sulfur bacteria, which function like a 
“relay team” in the cycling of sulfur in soils, freshwaters, and wetlands. The micro- 
bially driven process in deep anaerobic zones in soils and sediments results from the 
upward movement of gaseous hydrogen sulfide (H,S) in land and wetland ecosystems. 
The decomposition of proteins also leads to the production of hydrogen sulhde. Once 
in the atmosphere, this gaseous phase is converted io other forms, principally sulfur 
dioxide (SO,), sulfate (SO,) and sulfur aerosols (very fine floating particles of $04). 
Sulfur aerosols, unlike CO,, reflect sunlight back into the sky, thereby contributing 
to global cooling and to acid rain. 


Effect of Air Pollution 


Both the nitrogen and the sulfur cycles are increasingly being afleated by industrial 
air pollution. The gaseous oxides of nitrogen (N,O and NO,) and suimr (50,), un- 
like nitrates and sulfates, are toxic to varying degrees. Normally, they are only nan- 
sitory steps in their respective cycles; in most environments, they are presentin very 
low concentrations. The combustion of fossil fuels, however, has greatly increased 
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Figure 4-5. (A) The global sulfur cycle, with emphasis on the relationship between reservoir 
pools and fluxing componenis. Values expressed in teragrams (Tg) of sulfur per year (modified 

after Schlesinger 1997). (B) The sulfur cycle in aquatic environments, with emphasis on the role 
of microorganisms. Step 1 is primary production by plants. Other organisms, most of them spe- 
cialized microorganisms, carry out steps 2-7: 2 = decomposition by heterotrophic microor-" 
ganisms; 3 = animal excretion; 4 and 5 = colorless, green, and purple sulfur bacteria; 6 = 

anaerobic sulfur-reducing bacteria, Desulfovibrio; and 7 = aerobic sulfide-oxidizing bacteria, 

Thiobacillus. Step 8 represents the conversion of phosphorus from an unavailable to an avail- 
able form when iron sulfides are formed, illustrating how the cycling of one vital element can af- 

fect another. 


> 


























SECTION 5 Cycling of Carbon 153 


the concentrations of these volatile oxides in the air, especially in urban areas and in 
the vicinity of power plants, to the point where they adversely affect important biotic 
components and processes of ecosystems. When plants, fish, birds, or microbes are 
poisoned, humans eventually are also adversely affected. These oxides constitute 
about one third of the industrial air pollutants discharged into the air over the United 
States. The passage of the Clean Air Act (1970, amended 1990), which tightened emis- 
sion standards, has only slightly reduced the volume. 

Coal-burning emissions and automobile exhaust are major sources of SO, and 
SO, production and, along with other industrial combustion, a major source of poi- 
sonous forms of nitrogen. Sulfur dioxide is damaging to photosynthesis, as was dis- 
covered in the early 1950s when leafy vegetables, fruit trees, and forests showed signs 
of stress in the Los Angeles Basin. The destruction of vegetation around copper 
smelters is largely caused by SO). Furthermore, both sulfur and nitric oxides interact 
with water vapor to produce droplets of dilute sulfuric and nitric acid (H,SO, and 
H NO3) that fall to Earth as acid rain, a truly alarming development (see Likens and 
Bormann 1974a; Likens et al. 1996; Likens 2001a for details). Acid rain has the great- 
est impact on soft-water lakes or streams and already acidic soils that lack pH buffers 
(such as carbonates, calcium, salts, and other bases). The increase in acidity (decrease 
in pH) in some Adirondack lakes has rendered them incapable of supporting fish. 
Acid rain has also become a major problem in Scandinavia and other parts of north- 
ern Europe. In many ways, the building of tall smokestacks for coal-burning power 
plants (to reduce local air pollution) has aggravated the problem, because the longer 
the oxides remain in cloud layers, the more acid is formed. This is a typical example 
of a short-term “quick fix” that produces a more severe long-term problem (local fall- 
out is extended to regional fallout). The long-term solution is to gasify or liquefy the 
coal, thereby eliminating the emissions entirely. 

The oxides of nitrogen are also directly threatening the quality of human lite. 
They irritate the respiratory membranes of higher animals and humans. Further- 
more, chemical reactions with other pollutants produce a synergism (the total effect 
of the interaction exceeds the sum of the effects of each individual substance) that in- 
creases the danger. For example, in the presence of ultraviolet radiation in sunlight, 
NO, reacts with unbumed hydrocarbons (produced in large quantities by automo- 
biles) to produce a photochemical smog, which not only makes eyes tear but may 
cause lung damage. For more on the nitrogen, phosphorus, and sulfur cycles see 
Butcher et al. (1992) and Schlesinger (1997). ` 


Cycling of Carbon 


Statement 


At the global level, the carbon cycle and the water cycle are very important-biogeo- 
chemical cycles, as carbon is the basic element of life and water is essential forall life. 
Both cycles are characterized by small but very active atmospheric reservoir pools that 
are vulnerable to human-made perturbations, which; in turn, can change: weather 
and climate in ways that strongly affect life on Earth. Indeed, during the latter half of 
the twentieth century, the CO, concentration in the atmosphere has been signifi- 
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cantly increasing, along with other greenhouse gases that reflect solar heat back down 
to Earth. 


Explanation 


The global carbon cycle is shown in Figure 4-6A, with estimates of the amounts in 
reservoir pools and fluxes, whereas Figure 4-6B plots the rise in atmospheric CO, 
measured at Mauna Loa Observatory in Hawaii from 1958 to 2002. As already noted, 
the atmospheric carbon pool is very small compared with the amount of carbon in 
the oceans and in fossil fuels and other storages in the lithosphere. The burning of 
fossil fuels, along with agriculture and deforestation, is contributing to the continu- 
ous increase of'CO; in the atmosphere. The net loss of CO, (the addition of more CO, 
into the atmosphere than is removed) in agriculture may seem surprising, but it oc- 
curs because the CO, fixed by crops (many of which are active for only a part of the 
year) does not compensate for the CO, released from the soil, especially by frequent 
plowing. Forest removal, of course, may release the carbon stored in wood, especially 
from wood that is immediately burned, and this is followed by carbon release through 
the oxidation of humus, if the land is used for agriculture or urban development. In 
contrast, young, rapidly growing forests are carbon sinks, so reforestation on a large 
scale might reduce the rate of global warming associated with the increase in atmo- 
spheric CO). 

Before 1850 (before the Industrial Revolution), the concentration of CO, in the 
atmosphere was on the order of 280 ppm. During the last 150 years, atmospheric 
CO, has increased to more than 370 ppm. This increase has led to concern regarding 
the greenhouse effect. The greenhouse effect is the warming of the climate of Earth 
attributed to the-increased concentration of CO, and certain other gaseous pollutants 
in the atmosphere. These greenhouse gases (methane, ozone, nitrous oxide, and chloro- 
fluorocarbons) absorb infrared radiation emitted by the solar-heated Earth and reflect 
most of that heat energy back to Earth, resulting in potential global warming. 

The rapid oxidation of humus and the release of the gaseous CO, normally held 
in the soil has other, more subtle effects, including effects on the cycling of other nu- 
trients. Agronomists now recognize that they must add trace minerals to fertilizers to 
maintain yields in many areas, because agroecosystems do not regenerate these nu- 
trients as well as do natural systems. l 

In ecological terms, the flux between the reservoir pool and the exchangeable 
pool of many elements is being fundamentally altered by the present mismanagement 
of the landscape. There are practices that humans can use to compensate, for example, 
by promoting conservation tillage practices in agriculture, which reduce runoff and 
soil erosion. If humans recognize what has happened and learn to compensate, such 
changes need not be detrimental. Recall how the atmosphere of Earth came to have 
its present low CO, and high O,.content (see the section on the Gaia hypothesis in 
Chapter 2). 

The production of carbonates in the sea also forms carbon dioxide as a by- 
product as follows: 


Ca + 2HCO; — CaCO, + H,O + CO, 











Because of the reduction in pH that results from moving this reaction to the right, 
only 0.6 moles of CO, per mole of carbonate are actually released into seawater (and 
ultimately the atmosphere). Coral reefs and other calcifying organisms are a source, 
not a sink, of CO). The sea plays a major role in the sequestering of carbon. The sea 
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Figure 4-6. (A) The global carbon 6 

e. Values expressed in 10'° g car- ; = 
per year (values from Schimel 
l. 1995 and Schlesinger 1997). 
P = gross primary product; R, = 
it respiration; Rp = detrital respira- 
' DOC = dissolved organic car- 
ñ; DIC = dissolved inorganic carbon. 
) Plot depicting the continuous in- 
se in atmospheric CO, from 1958 
2002 as measured at the Mauna Loa 
bservatory, Hawaii. Data points repre- 
monthly average CO, concentra- 
tion. (Source: C. D. Keeling and T. P. 
Whorf, Scripps Institution of Oceanog- 
phy, UC, La Jolla, California, USA 
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contains 40 atmospheres of carbon as bicarbonate and dissolved organic carbon 
(DOC), which function as major carbon reservoirs. The sea is, therefore, a very ef- 
fective buffer of atmospheric CO,, because the sea and the atmosphere are equili- 
brating with one another. This is likely the primary contro! mechanism for atmo- 
spheric CO). Any large future inerease in the burning of fossil fuels, coupled with 
future-decreases in the CO, removal capacity of the greenbelt, is almost-certain to re- 


sult in a continued rise in the CO, content of the atmosphere. Recall fromthe previ- 


ous discussion that the content of small, active compartments is most-atlected by 
changes in fluxes or throughputs. 


In addition to CO), two other forms of carben are present in the. atmesphere iy 
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about 1.6 ppm. Both CO and CH, arise from the incomplete or anaerobic decompo- 
sition of organic matter; in the atmosphere, both are oxidized to CO,. An amount of 
CO equal to that formed by natural decomposition is now injected into the air by the 
incomplete burning of fossil fuels, especially in automobile exhaust. Carbon monox- 
ide (CO), a deadly poison to humans, is not a global threat, but it becomes a worri- 
some pollutant in urban areas when the air is stagnant. CO concentrations of up to 
100 ppm are not uncommon in areas of heavy automobile traffic—a stress that can 
lead to circulatory and respiratory illnesses. 

Methane (CH,) is a colorless, flammable gas that is produced naturally by the de- 
composition of organic matter by anaerobic bacteria, especially in freshwater wet- 
lands, rice paddies, and digestive tracts of ruminants (such as cattle) and termites. It 
is also a major component of natural gas, so the geochemical disturbances associated 
with mining and drilling for fossil fuels result in the release of methane. Although it is 
now only a very minor constituent of the atmosphere (2 ppm, compared to 370 ppm 
for CO,), the methane concentration has doubled during the past century, mostly 
due to human activities such as landfills and use of fossil fuels. Methane is a green- 
house gas that, molecule for molecule, is 25 times as heat absorbing as CO). Its resi- 
dence time in the atmosphere is about 9 years, compared to 6 years for CO). In past 
ages, the concentration of methane in the atmosphere has been higher than at pres- 
ent. Methane has the potential for increasing its contribution to global warming. One 
of the very real dangers of continued global warming is another “methane burp,” 
caused by the melting of the methane hydrates in permafrost and on the sea floor, 
which is starting to happen in Siberia and Alaska (D. J. Thomas et al. 2002; R. V. 
White 2002). For a review of the carbon cycle, see Schimel (1995). 


6 The Hydrologic Cycle 


Statement 


Earth differs from other planets in this solar system in having large amounts of water, 
mostly in liquid form, which support all life on Earth. The water cycle or hydrologic 
cycle involves movement of water from the oceans (the largest reservoir) by evapo- 
ration into the atmosphere (the smallest reservoir), then by precipitation (rainfall) 
back down to the surface of Earth, with infiltration and runoff from the continents 
and eventual return to the oceans. Some rainfall goes directly back into the air by 
evaporation and transpiration by vegetation. About a third of incident solar energy is 
involved in driving the water cycle. Although the global amount of water on Earth is 
about the same now as during the ice ages, the amount frozen has varied widely over 
geological time. Water movement (fluxing) also varies greatly from place to place and 
is being increasingly affected by human activities. 


Explanation 


Two views of the water cycle are shown in Figure 4-7. Figure 4-7A includes estimates 
of the amount of water and the annual fluxes in and out of the large reservoir pools. 
In Figure 4-7B, the water cycle is shown in terms of energy, with an “uphill loop” 
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Figure 4-7. (A) Global pools and 
fluxes of water on Earth. Values are 


from Graedel and Crutzen 1995 and 
Schlesinger 1997). (B) Energetics of 
the hydrological cycle, viewed as an. 
uphill loop driven by solar energy and 
a downhill /oop that releases energy to 
lakes, rivers, and wetlands and per- 
forms useful werk of direct benefit to 
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driven by the Sun and a “downhill loop” releasing energy that is usable by ecosystems 
and for generating hydroelectric power. About one third of all solar energy is dissipated 
in driving the water cycle. Again, we depend on solar energy as a natural capital ser- 
vice. Too often, humans do not appreciate this service, because we do not pay money 
p for it. If we continue to disrupt this service, however, we will indeed pay. 

| Two aspects of the H,O cycle need special emphasis: 
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. More water evaporates from the sea than returns to it by rainfall, and vice versa 
i for the land. In other words, a considerable part of the rainfall that supports land 
i ecosystems, including most food production, comes from water evaporated over 
the sea. In many areas (such as the Mississippi Valley), as much as 90 percent of 
| the rainfall is estimated to come from the sea. 


K 


As already indicated, human activities tend to increase the rate of runoff (for 
instance, by paving over earth, ditching and diking rivers, compacting agricul- 
tural soils, and deforestation), which reduces the recharge of the very important 
groundwater compartment—the third largest global water reservoir, holding 
about 13 times more water than all the freshwater in lakes, rivers, and soils (see 
Table 4-2). The largest stores of groundwater are in aquifers—porous under- 
ground strata, often of limestone, sand, or gravel, bounded by impervious rock 
or clay that hold water like a giant pipe or elongated tank. 


In the United States, about half the drinking water, most irrigation water, and, in 
many instances, a large part of industrial-use water comes from groundwater. In dry 
areas, such as the western Great Plains, the water in the underground aquifers is es- 
sentially “fossil”. water—stored during earlier, wetter geological periods—that is not 
now being recharged. Consequently, it is a nonrenewable resource, like oil. A case in 
point is the heavily irrigated grain region of western Nebraska, Oklahoma, Texas, and 
parts of Kansas, where the principal aquifer, called the Ogallala, will be pumped out 
by 2030-2040 (Opie 1993). Land use will then have to revert to grazing and dry- 
land farming unless water in huge quantities can be piped from large Mississippi Val- 
ley rivers—an expensive and energy-demanding public works project that would 
place a burden on taxpayers. Decisions regarding water supply and its use have yet 








| Table 4-2 Reservoir sizes and turnover times of global water (H,0) 
Reservoir Quantity Turnover time* 

i Oceans 1,380,000 37,000 

: Polar ice, glacier 29,000 16,000 
Groundwater (actively exchanged) 4000 300 

Freshwater lakes i 125 10-100 

l Saline lakes : 104 10-10,000 
Soil moisture 67 : 280 days 
Rivers 1.32 12-20 days 
Atmospheric water vapor . 14 9 days 
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*Turnover time in years unless otherwise noted. 
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- Figure 4-8. Changes in sea level during the last century, indicating the proportion due to ther- 
mal expansion of the oceáns and that due to melting of glaciers. (From Gornitz, V., S. Lebedeff, 
and J. Hansen. 1982. Global sea level in the past century. Science 215:1611-1614. Copy- 
right © 1984 AAAS.) 


to be made, but the political controversy in the future will certainly be bitter, and 
many people will be caught in the economic collapses that always come when non- 
renewable resources are exploited without regard for tomorrow. 

As shown in Table 4-2, the polar icecaps and mountain glaciers constitute the sec- 
ond largest water reservoir pool. Due to the melting of the global ice packs, the sea 
level has been very. gradually rising during the past century (Fig. 4-8). About half of 
this rise is due to thermal expansion, because warm water occupies more space than 

‘very cold water or ice. This small but perceptible sea-level rise is the best evidence 
for a global warming trend. 

Figure 4-9A is a model of the downhill loop in the H;O cycle, showing how bi- 
otic communities adjust to the changing conditions in what has been termed the 
river continuum concept (the gradient from small to large streams; Cummins 1977, 
Vannote et al. 1980). Headwater streams are small and often completely shaded, so 
that little light is available to the aquatic community. Consumers depend largely on leaf 
and other organic detritus entering from the watershed. Large coarse particulate organic 
matter (CPOM), such as leaf fragments, predominates, as do aquatic insets and other 
primary consumers belonging to a class termed shredders by stream ecologists. The 
headwater ecosystem is heterotrophic, with a P/R ratio of much less thar-one. 

In contrast, midsections of rivers are wider, no longer shaded, and depend less 
on imported organic matter from watersheds, because autotrophic algae and aquatic 
macrophytes provide net primary production. Fine particulaté organic.matter (POM) 
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Figure 4-9. (A) Overview of the river continuum, depicting stream order, organisms by 
feeding type, and changes in particulate matter. CPOM = coarse particulate organic matter; 
FPOM = fine particulate organic matter (after Cummins 1977). (B) Model of the river contin- 
uum, depicting changes in community metabolism (P/R ratios), diversity, and particle size from 
headwater streams to large rivers (after Vannote et al. 1980). 
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i Figure 4-9. (continued) 


and filter feeders with collector adaptations (equipped with nets and strainers) pre- 
dominate. Community metabolism in stream midsections is autotrophic, with a P/R 
ratio of one or more (Fig. 4-9B). Species diversity and diurnal temperature range gen- 
erally peak in the stream midsection. In the lower reaches of large rivers, the current 
is reduced and the water is usually deeper and muddy, thereby decreasing light pen- 
etration and aquatic photosynthesis. The stream then again becomes heterotrophic 
(P/R < 1), with a reduced variety of species at most trophic levels. 

Whereas the river continuum concept describes a stream longitudinally, the flood 
pulse concept views the stream both laterally and longitudinally, including both the 
river itself and its associated riparian floodplain (B. L. Johnson et al. 1995). This con- 
cept holds that periodic flooding is a natural event to which biological communities are 
adapted. This annual advance and retreat of floodwaters extends-the river onto the 
floodplain. Thus, the river system includes not only the main channel, but also off- 
channel streams and the floodplain. The floodplain supports a highly productive ri- 
parian, bottomland forest, a variety of aquatic habitats, and a gradient of plant spe- 
cies adapted to seasonal degrees of flooding and drying Junk et al. 1989), During 
flooding, the floodwaters deposit nutrients and sediments into the riparian-system. 
Floodwaters also bring young fish and aquatic invertebrates into these periodie nurs- 
ery grounds. Receding waters stimulate rates of decomposition, regrowth of grasses 
and shrubs, and pulses in the abundance of sraall mammals. 

Channelization of rivers, construction of dams, and increased petution-compro- 
mise both the river continuum and flood pulse concepts. An understandangof both 
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concepts is essential for managing and emulating natural hydrologic regimes (Gore 
and Shields 1995). Because so many rivers have one or more dams on them, what 
might be termed the river discontinuum concept has emerged. In many places, there are 
too many dams (another case of overshoot due to societal inability to recognize when 
enough is enough), so dams on small rivers are being taken down. Environmental 
journalist John McPhee has written an informative article on the breaching of a dam 
located in Maine (McPhee 1999), 
As elsewhere in the biosphere, organisms are not just passive adapters to a gradi- 
„ent of changes in the physical environment. The concerted action of stream animals, 
for example, works to recycle and reduce the downstream loss of nutrients to the 
ocean. Aquatic insects, fish, and other organisms collect particulate and dissolved or- 
ganic materials that are held and cycled through the food chain. Stream spiraling is 
the cycling of essential elements (such as nitrogen, carbon, and phosphorus) between 
organisms and available pools as‘they move downstream. In other words, stream spi- 
raling is the process in which elements alternate between organic and inorganic 
forms as they move downstream. For additional information on stream spiraling, see 
Mulholland et al. (1985) and Munn and Meyer (1990). 
For summaries of the hydrologic cycle, see Hutchinson, A Treatise on Limnology 
(1957) and Postel et al. (1996). 


7 Turnover and Residence Times 


Statement ‘ 


The concept of turnover, as first introduced in Chapter 2, is useful for comparing the 
exchange rates between different compartments of an ecosystem after a pulsing equi- 
librium has been established. The turnover rate is the fraction of the total amount of 
a substance in a compartment that is released (or that enters) in a given period of 
time, whereas the turnover time is the reciprocal of this-—that is, the time required 
to replace a quantity of a substance equal to its amount in the compartment. For ex- 
ample, if 1000 units are present in the compartment and 10 go out or enter each 
hour, the turnover rate is 10/1000 (0.01), or 1 percent per hour. The turnover time 
would then be 1000/10, or 100 hours. Residence time, a term widely used in the 
geochemical literature, is a concept similar to turnover time; it refers to the time a 
given amount of a substance remains in a designated compartment of a system. 


Explanation 


As previously emphasized, the flux or rate of movement of nutrients in and out of 
pools is more important than the amounts within the pools when it comes to under- 
standing how ecosystems function. For example, Pomeroy (1960) commented that 
“a rapid flux of phosphate is more important than concentration in maintaining high 
rates of organic production.” 
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Examples 


Estimates of reservoir sizes and turnover times in the global cycles discussed in the 
previous five sections are listed in Tables 4-1 and 4-2. Although turnover time tends 
to be shorter in the smaller pools, the relationship between pool size and turnover is 
not linear. Much depends on the location of the reservoir. 

Advances in detection technology that made possible the measurement of very 
small amounts of both radioactive and stable isotopes of all the major biogenic ele- 
ments have given a tremendous stimulus to cycling studies at the landscape level, be- 
cause these isotopes can be used as tracers or tags to follow the movement of materi- 
als. Ponds and lakes are sites especially conducive to tracer studies because their 
nutrient cycles are relatively self-contained over short periods. 

A model of a Georgia salt marsh studied by field observations and experiments 
using ”P illustrates the importance of filter feeders and detritus complexes in recy- 
cling phosphorus in this estuarine system. For example, Kuenzler (1961a) found that 
a population of filter-feeding mussels (Modiolus demissus) alone “recycles” from the 
water every 2.5 days a quantity of particulate phosphorus equivalent to the amount 
present in the water (that is, the turnover time for particulate phosphorus is only 
2.5 days). Kuenzler (1961b) also measured the energy flow of the population and 
concluded that the mussel population is more important to the ecosystem as a bio- 
geochemical agent than as a transformer of energy (that is, as a potential source of 
food for other animals or humans). This example illustrates that a species does not 
have to be a link in the food chain in order to be valuable to life. Many species are 
valuable in indirect ways by providing ecosystem services that are not apparent with- 
out careful examination. 


Watershed Biogeochemistry 


Statement 


Like all ecosystems, bodies of water are open systems, and they need to be considered 
as parts of larger drainage basins or watersheds. Insofar as practical management is 
concerned, the watershed provides a sort of minimum ecosystem or landscape unit 

Long-term studies (10 years or more of year-round research) on experimental. in- 

strumented watersheds (outdoor macrocosms)—such as-those-ongoing at Hubbard 
Brook Experimental Forest located in New Hampshire; Coweeta Hydrologic Labora- 
tory located in western North Carolina; and Schindlers (1990) long-term studies of 
a Canadian lake watershed —have greatly advanced understanding of the basic bio- 
geochemical processes as they occur in relatively undisturbed ecosystems: Schindler's 
work, for example, has demonstrated that phosphorus is frequently in short supply 
in aquatic systems and often limits freshwater productivity. He also demonstrated the 
critical role of phosphorus in eutrophication by additrg phosphorus to one: half of 
a twin lake system that was divided by a plastic curtain. The systenr thaisreccived 


phosphorus was covered by a heavy bloom of photesynthetic cyanebaeteria within 


two months. Such studies, in turn; have provided a basis for comparison-with agri- 
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cultural, urban, and other domesticated watersheds, where most people live. These 


comparisons reveal wasteful human activities and point to means of reducing down- 
hill losses, restoring the cyclic behavior of vital nutrients, and, of course, conserving 
energy. 


Examples 


A quantitative model of the calcium cycle for mountainous, forested watersheds of the 
Hubbard Brook study area located in New Hampshire is presented in Figure 4-10. 
The data are based on studies of six watersheds ranging in size from 12 to 48 hectares 
(Bormann and Likens 1967, 1979; Likens et al. 1977, 1996; Likens 2001a). Precip- 
itation, which averaged 123 cm (58 inches) per year, was measured by a network of 
gauging stations, and the amount of water leaving the watershed in the drainage 
stream of each watershed unit was measured by a V-notched weir similar to that 
shown in Figure 2-4B. From the concentration of calcium and other minerals in the 
input and output water and in the biotic and soil pools, a watershed input-output 
“budget” can be calculated, as shown in a simplified manner in Figure 4-10A. 

Retention by and recycling within the undisturbed but rapidly growing for- 
est proved so effective that the estimated loss from the ecosystem was only 
8 kg Ca-ha™'+year~' (and equally small amounts for other nutrients). Because 3 kg 
of the calcium was replaced in rain, an input of only 5 kg/ha would be needed to 
achieve a balance. This amount is thought to be easily supplied by the normal rate of 
weathering from the underlying rock that constitutes the reservoir pool. Experiments 
with *°Ca to measure turnover in Oak Ridge, Tennessee, watersheds have demon- 
strated how understory trees, such as dogwood (Cornus florida), act as calcium pumps 
that counter the downward movement in the soil and thus recirculate calcium be- 
tween organisms and the active upper layers of litter and soil. 

Table 4-3 summarizes the mean concentrations of calcium in three plant species 
sampled at the Coweeta Hydrologic Laboratory located in Franklin, North Carolina. 
Chestnut oak (Quercus prinus) had the largest standing crop of all nutrients due to its 
large size; the leaves of chestnut oak had the highest standing crop of nitrogen. Rho- 
dodendron (Rhododendron maximum), an evergreen, had the largest standing crop of 
leaf biomass of the three species. Because its leaves are evergreen, rhododendron re- 
cycled nutrients over a period of seven years instead of the one year typical of the 
other two species. Flowering dogwood (Cornus florida; Fig. 4-11) had the smallest 
biomass but had the distinction of possessing the highest concentration of calcium in 
its leaves (Table 4-3). Flowering dogwood concentrated more than three times as 
much calcium per unit leaf biomass as did chestnut oak. The small dogwood tree re- 
cycled 66 percent as much calcium as the chestnut oak and 150 percent more than 
the rhododendron. Thus, different plant species have pronounced but different influ- 
ences on nutrient recycling based on their size, life histories, and longevity. 

Flowering dogwood is currently under attack by a fatal disease known as dog- 
wood anthracnose (Discula destructiva). Caused by a fungus, this disease has spread 
across nearly 1.6 million hectares (4 million acres), thereby changing the composi- 
tion and appearance of forests throughout the Appalachian Mountains (Bolen 1998; 
Rossell et al. 2001). Stiles (1980) categorized the drupes of flowering dogwood as a 
high-quality fall fruit providing food resources for 40 species of migratory and over- 
wintering birds and for numerous species of mammals. The most significant impact 
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e 4-10. (A) Balanced calcium 
at of a forested watershed at Hub- 
Brook Experimental Forest, New 
ghire. Values are calcium flows Watershed 
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of dogwood anthracnose will likely be the loss of flowering dogweods.from the land- 
scape, with the concomitant loss of fruit production. Thus, this plant-fungus rela- 
tionship at the community (forest) level has direct ramifications at: the ecosystem 
level, because flowering dogwoods are known to be important in the. cycling of cal- 
cium within forest ecosystems, and likely will lead to changes in productivity and 
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Table 4-3 


Figure 4-11. The flowering dogwood tree (Cornus flo- 
rida) is an important species for the recycling of calcium in 
forest ecosystems. White petal-like flowers are actually mod- 


ified leaves termed “bracts” 


Mean nutrient concentrations of calcium (percentage dry weight) 


in three plant species sampled at the Coweeta Hydrologic Laboratory, 
Franklin, North Carolina 





Species Bark Wood Twigs 


Leaves 
Chestnut oak 1.25 + 0.17 0.09 + 0.01 0.68 + 0.06 0.58 + 0.07 


Flowering dogwood 2.36 +0.26 0.11+0.01 0804006 1.85 +0.11. 


Rhododendron 0.30 +0.10 0.07 + 0.31 0.99 + 0.24 1.20 + 0.29 





Source: F. P. Day and McGinty 1975. 


Note: Values expressed are mean + 1 standard error. 


biodiversity at the landscape level. This is an excellent example of how a cause-and- 
effect relationship at one level of organization can result in cascading effects through 
several levels of organization. 

In one of the Hubbard Brook experimental watersheds, all the vegetation was 
felled, and any regrowth in the next three seasons was suppressed by the applica- 
tion of herbicides. Even though the soil was little disturbed and no organic matter 
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was removed by this procedure, the loss of mineral nutrients in stream outflow in- 
creased 3 to 15 times over the losses from the undisturbed control watersheds. The 
sixfold increase in loss of calcium and 15-fold increase in nitrogen loss are shown in 
Figure 4-10B. The increased stream flow out of the razed ecosystem resulted pri- 
marily from the elimination of plant transpiration, and it was the additional stream 
‘flow that carried out additional minerals. To some extent, outflows are related to what 
geochemists call relative mobility. Potassium and nitrogen are very mobile (easily re- 
moved by leaching), for example; calcium, however, is more tightly held in the soil. 

When vegetation was allowed to recover (no further application of herbicide), the 
rate of nutrient loss declined rapidly, with a “balanced budget” being restored in 3 to 
5 years, although 10 to 20 years were required for all nutrients to return to the base- 
line output of an undisturbed forested watershed (Fig. 4-10B). The rapid recovery of 
nutrient retention—long before the species composition and biomass of the original 
forest can be restored—is aided by a number of mechanisms, such as what Marks 
(1974) called the buried seed strategy. The seeds of rapidly growing pioneer trees, such 
as pin cherry (Prunus pennsylvanica), remain viable for years when buried in the soil. 
When the forest is removed, these seeds sprout, and the fast-growing cherry trees 
quickly form a sort of temporary forest that stabilizes water and nutrient fluxes and 
reduces soil and nutrient loss from the watershed. Of course, such quick recovery 
adaptations have evolved in response to natural perturbations, such as storms and 
fire. In fact, forests (and other ecosystems) subjected to (adapted to) natural periodic 
disruptions are more resilient and recover more quickly after human disturbances 
than do forests in benign physical environments that are less subject to severe natural 
perturbations. Accordingly, inherent resilience is an ecosystem-level property that needs 
to be considered when harvest procedures or other management practices are being decided. 

The Coweeta watershed site in the mountainous deciduous forests of North Car- 
olina consists of a series of small tributary headwater streams flowing into a larger 
stream that runs down the middle of the basin. This basin has been under continu- 
ous study since 1934, making it the longest studied of any landscape in North Amer- 
ica. Coweeta was one of the first research sites to adopt large-scale experimental ap- 
proaches to the study of natural landscapes and to set up permanent water flow and 
measurement weirs (Swank et al. 2001). 

Early studies at Coweeta focused on hydrology, especially on water yield down- 
stream as affected by different land uses and forestry practices. Individual head water- 
sheds were left natural, selectively cut, clear-cut, planted in crops, or had hardwoods 
replaced by pine plantations. In general, these experiments showed that reducing the 
biomass of the vegetative cover increased water flow downstream.but decreased wa- 
ter and soil quality (Swank and Crossley 1988)-—an example of the quantity-quality 
dilemma (seemingly, one cannot maximize for both at the same time) 

In recent years, Coweeta, as a Long-Term Ecological Research (LTER) site spon- 
sored by the National Science Foundation, has concentrated research on the biotic el- 
ements of the ecosystem—trees, insects, soil biota, stream life, and.litter decompo- 
sition—and focused on the effects of natural disturbances, such as drought, flooding, 
storms, and caterpillar defoliations. l 


Research at Hubbard Brook and Coweeta has demonstrated thateforests: (and. 
other’ ecosystems) that are subject to frequent natural perturbations recover- quickly: 


from acute disturbances but are less resilient when it comes to long-continued, chronic 
disturbances such as eutrophication or toxic chemicals. Whereas nutrient losses from 
undisturbed forested watersheds along headwater streams are small: and mostly re- 
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placed by inputs from rain and weathering, the picture downstream, where human 
activities are more intense, is quite different. Concentrations of nitrogen and phos- 
phorus in the water of streams and rivers increase sharply as watersheds are increas- 
ingly domesticated (that is, as the percentage of watershed area in agricultural and 
urban use increases). Nutrient concentrations in water flowing out of an urban- 
agricultural landscape are sevenfold higher than in streams draining a completely for- 
ested watershed. Eighty percent of the phosphorus output from agricultural and ur- 
ban landscapes is inorganic (phosphate), whereas organic phosphorus predominates 
in runoff from watersheds that are completely occupied by forest or other natural 
vegetation. Most other nutrients, and many other chemicals (including toxic ones), 
show a similar pattern of increasing runoff with increasing intensity of land and en- 
ergy use by humans. The large outputs of nutrients and other chemicals from do- 
mesticated and especially from industrialized landscapes are, of course, a more or less 
direct result of the large inputs of agricultural and industrial chemicals and organic 
human and domestic animal wastes. Thus, ecosystem processes such as stream eu- 
trophication and biomagnification are increased. 


Cycling of Nonessential Elements 


Statement 


Although nonessential elements may have little or no known value to an organism or 
species, they often pass back and forth between organisms and their environment in 
the same general manner as do the essential elements. Many of these nonessential 
elements are involved in the general sedimentary cycle, and some find their way 
into the atmosphere. Many nonessential elements become concentrated in certain tis- 
sues, sometimes because of their chemical similarity to specific vital elements. Chiefly 
because human activities involve many of the nonessential elements, ecologists have 
become concerned with the cycling of these elements; indeed, all of us must be con- 
cerned with the increasing volume of toxic wastes that are discharged or that in- 
advertently escape into the environment and contaminate the basic cycles of vital 
elements. 


Explanation 


Many marine animals concentrate elements—such as arsenic, a phosphorus ana- 
log—that they cannot remove from their environment. They then convert the arsenic 
into an inert chemical form stored in their tissues. Some elements, such as mercury, 
are passed up the food chain; thus, large predatory animals tend to accumulate high 
concentratioris of it. This process, termed biological magnification, is the reason 
why a number of fishes, such as swordfish and tuna, contain potentially harmful 
amounts of mercury. The process of biological magnification will be illustrated and 
discussed in greater detail in Chapter 5. 

Most nonessential elements have little effect at the concentrations normally found 
in most natural ecosystems, probably because organisms have become adapted to 
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their presence. Therefore, their biogeochemical movement would be of little interest, 
were it not for the byproducts of the mining, manufacturing, chemical, and agricul- 
tural industries that contain high concentrations of heavy metals, toxic organic com- 
pounds, and other potentially dangerous materials that all too often find their way 
into the environment. Consequently, the cycling of every element is important. Even 
a very rare element can become of biological concern if it takes the form of a highly 
toxic metallic compound or a radioactive isotope, because a small amount of such 
material (from the biogeochemical standpoint) can have a marked biological effect. 


Examples 


Strontium is an example of a previously almost unknown element that must now re- 
ceive special attention, because radioactive strontium is particularly dangerous to hu- 
mans and other vertebrates. Strontium behaves like calcium, with the result that ra- 
dioactive strontium gets into close contact with calcium-rich blood-making tissues in 
our bones. About 7 percent of the total sedimentary material flowing down rivers is 
calcium. For every 1000 atoms of calcium, 2.4 atoms of strontium move along with 
the calcium to the sea. When uranium is fissioned in the preparation and testing 
of nuclear weapons and in nuclear power plants, it yields radioactive strontium-90 
as a waste product—one of a number of fission products that decay very slowly. 
Strontium-90 is a relatively new material added to the biosphere; it did not exist in na- 
ture before the atom was split. Tiny amounts of radioactive strontium, released in fall- 
out from nuclear weapons testing and escaping from nuclear reactors, have now fol- 
lowed calcium from soil and water into vegetation, animals, human food, and human 
bones. Strontium-90 present in the bones of people can have carcinogenic effects. 

Radioactive cesium-137, another dangerous fission product, behaves like potas- 
sium and, therefore, cycles rapidly through food chains. The Arctic Tundra is an eco- 
system that has been subject to nuclear fallout from weapons testing in the past. The 
Arctic Tundra received another input of radioactive materials from the explosion in 
the Chernobyl nuclear power plant in 1986. Large amounts of radioactive fission 
products are now stored in tanks at atomic energy facilities. The lack of technologi- 
cal knowledge to safely process and store these wastes has limited the peaceful uses 
of atomic energy. The problem of hazardous wastes will be considered in more detail 
in Chapter 5. 

Mercury is another example of a natural element that had little impact on life be- 
fore the industrial age because of its low concentration and low mobility. Mining and 
manufacturing have changed all that, and mercury and other heavy metals (such as 
cadmium, lead, copper, and zinc) are now severe pollution problems; see Levine 
et al. (1989), Brewer et al. (1994), and Brewer and Barrétt (1995) for a review of a 
10-year investigation of heavy-metal concentrations through trophic levels resulting 
from municipal sludge treatment in an old-field ecosystem. 

A number of aquatic plants have the ability to sequester and store large-amounts 
of toxic heavy metals in their tissues without injury to themselves. The feasibility of 
propagating and bioengineering such plants to clean up industrial spills of mercury, 
nickel, and lead is now being investigated. For a review of mercury asa global prob- 
lem, including approaches to its cleanup, see Porcella et al. (1995). 
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Figure 4-12. Comparison of the distribution of organic 
carbon accumulated in abiotic (soil, litter) and biotic (wood, 
leaves) compartments of a northern temperate and a tropi- 
cal forest ecosystem. Overall quantities are similar (~250 
tons/ha), but a much larger percentage of total organic car- 
bon is in the biomass in the tropical forest. 
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Nutrient Cycling in the Tropics 


Statement 


The pattern of nutrient cycling in the Tropics, especially the Wet Tropics, is different 
in several important ways from that in the North Temperate Zone. In cold regions, a 
large portion of the organic matter and available nutrients is located in the soil or sed- 
iment at all times; in the Tropics, a much larger percentage is located in the biomass 
and is recycled rapidly within the organic structure of the system, aided by a number 
of nutrient-conserving biological adaptations, including mutualistic symbiosis be- 
tween microorganisms and plants. When this evolved and well-organized biotic struc- 
ture is removed (by deforestation, for example), nutrients are rapidly lost by leach- 
ing under conditions of high temperature and heavy rainfall, especially on sites that 
are initially poor in nutrients. For this reason, the agricultural strategies of the North 
Temperate Zone, involving the monoculture of short-lived annual plants, are quite 
inappropriate for tropical regions. An ecological reevaluation of tropical agriculture 
and environmental management is urgently needed if past mistakes are to be cor- 
rected and if future ecodisasters are to be avoided. At the same time, the rich genetic, 
species, and habitat diversity of the Tropics must be preserved. Swidden agriculture, 
invented independently in many parts of the Tropics, is better suited to moist, mon- 
tane regions. 


Explanation 


Figure 4-12 compares the distribution of organic matter and nutrients in a northern 
temperate and a tropical forest. Interesting enough, in this comparison both eco- 
systems contain about the same amount of organic carbon, but in the temperate for- 
est, more than half is in litter and soil, whereas in the tropical forest, more than three 
fourths is in vegetation, especially wood biomass. 

When a forest in the North Temperate Zone is removed, the soil retains nutrients 
and structure and can be farmed for many years by conventional agriculture, which in- 


-volves plowing one or more times a year, planting annual species, and applying in- 


organic fertilizers. During the winter, freezing temperatures help retain nutrients and 
control pests and parasites. In the humid Tropics, however, forest removal takes away 
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the ability of the land to hold and recycle nutrients (and to combat pests) in the face 
of high year-round temperatures and long periods of leaching rainfall. Often, crop 
productivity declines rapidly, and the land is abandoned, creating a pattern of shift- 
ing or swidden agriculture. Community control in general, and nutrient cycling in par- 
ticular, tend to be more physical in the North Temperate Zone and more biological 
in the Tropics; in other words, temperate nutrient pools are mostly in the soil and lit- 
ter, whereas in the Wet Tropics, the nutrient pool is in the biomass. 

It should be noted, however, that swidden agriculture can be sustained as long as 
human population densities are low—as was the case in the past—and long-term 
rotations are slow and continuous. The problem with swidden agriculture is not with 
the process itself but with overpopulation, which makes more and more clearing nec- 
essary and does not allow long enough time intervals between reclearing. Also, not 
all tropical-latitude agriculture is located in rain forests. For example, people living 
in Peru, Ecuador, and Papua New Guinea have practiced sustained agriculture for 
centuries (Rappaport 1968). This brief account, of course, oversimplifies the com- 
plexity of the situation, but it reveals the basic ecological reason why subtropic and 
tropic sites, which support luxurious and highly productive forests or other vegeta- 
tion, yield so poorly under conventional temperate methods of crop management. 

C. F. Jordan and Herrera (1981) pointed out that the degree to which tropical for- 
ests “invest,” as it were, in nutrient-conserving recycling mechanisms depends on the 
geology and basic fertility of the site. Large areas of tropical forests (such as in most 
of the eastern and central Amazon Basin) are on ancient, highly leached Precambrian 
soils or nutrient-poor sand deposits. These oligotrophic sites nevertheless support 
forests as luxurious and productive as those found on more eutrophic (fertile) sites, 
such as in the mountains of Puerto Rico and Costa Rica and in the foothills of the An- 
dean Mountains. Intricate symbiosis between autotrophs and heterotrophs, involving 
special microorganism intermediaries, is the key to success in these oligotrophic 
types of ecosystems. 

C. F. Jordan and Herrera (1981) listed the following mechanisms that are espe- 
cially well developed in rain forest ecosystems on oligotrophic sites: 


* Root mats consisting of numerous fine feeder roots penetrating the surface litter 
recover nutrients from leaf fall and rainfall before they can be leached away. Root 
mats apparently also inhibit the activities of denitrifying bacteria, thus blocking 
loss of nitrogen to the air. 


* Mycorrhizal fungi associated with root systems act as nutrient traps and greatly 
facilitate the recovery of nutrients and their retention within the. biomass. This 
symbiosis for mutual benefit is widespread on oligotrophic sites in the North 
Temperate Zone as well. 


* Evergreen leaves with thick, waxy cuticles retard the loss of water-and-nutrients 
from trees and also resist herbivores and parasites. 


* “Drip tips” on leaves (long, pointed leaf tips) drain off rain water, thereby-reduc- 
ing the leaching of leaf nutrients. 


* Algae and lichens that cover the surface of leaves scavenge nutriems from-rainfall,, - 


some of which are immediately available for uptake by the leaves: the tichens-also 
fix nitrogen. 

¢ Thick bark inhibits the diffusion of nutrients out of the phlocre-and-heir subse- 
quent loss by stem flow (rain running down tree trunks). 
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In summary, the nutrient-poor tropical ecosystem is able to maintain high pro- 
ductivity under natural conditions through a variety of nutrient-conserving mecha- 
nisms. These evolutionary mechanisms provide more direct cycling from plant back 
to plant, more or less bypassing the soil. When such forests are cleared for large-scale 
agriculture or tree plantations, these mechanisms are destroyed, and productivity de- 
clines very rapidly, as do crop yields. When the clearings are abandoned, the forest 
recovers slowly, if at all. In contrast, forests on eutrophic sites are more resilient. 

The development and testing of crop plants with well-developed mycorrhizal and 
nitrogen-fixing root systems and the greater use of perennial plants are ecologically 
sound goals for high-temperature areas (such as the southeastern United States) and 
tropical climates (such as the Philippines). Paddy rice culture is successful in the 
Tropics because of the special nutrient-retention features of this ancient type of agri- 
culture. Rice paddies have been cultivated on the same site for more than 1000 years 
in the Philippines—a record of success that few conventional agricultural systems in 
use today can claim. One certainty is apparent: Industrialized agrotechnology as prac- 
ticed in the North Temperate Zone cannot be transferred unmodified to tropical regions. 


Recycling Pathways: The Cycling Index 


Statement 

It is instructive to review the subject of biogeochemistry in terms of recycling path- 
ways, because the recycling of water and nutrients is a vital process in ecosystems and 
is increasingly becoming an important concern for humankind. Five major recycling 
pathways can be distinguished: (1) by microbial decomposition; (2) by animal ex- 
cretions; (3) by direct recycling from plant to plant through microbial symbionts; 
(4) by physical means involving direct action of solar energy; and (5) by use of fuel 
energy, as in the industrial fixation of nitrogen. Recycling requires dissipation of en- 
ergy from some source such as organic matter, solar radiation, or fossil fuel. The rel- 
ative amount of recycling in different ecosystems can be compared by calculating a 
cycling index based on the ratio of the sum of the amounts cycling between compart- 
ments within the system to total throughflow. 


Explanation 


It is appropriate to focus on the cycling of nutrients in the biologically active portion 
of the ecosystem. Recall that the same approach was used for energy in Chapter 3, 
the total energy environment was considered first, and then attention was focused on 
the fate of that small energy fraction involved in the food chain. Also, a discussion of 
biological regeneration is relevant because teeing has increasingly become a major 
goal for human societies. 

A microbial food web consisting of bacteria, fungi, and microorganisms that con- 
sume ' organic detritus is present in somewhat different forms in all soils and all nat- 
ural waters: Both dissolved and particulate organic matter in soil and water are par- 
tially processed by bacteria, some attached to particles and some floating free in the 
water. The bacteria are eaten by protozoans, which excrete ammonium and phos- 
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phate, which in turn can be reused by plants. This food web is often termed the de- 
tritus pathway or detritus cycle. The complex interactions between microbes and 
small animal detritivores have been described in Chapter 2. Where small plants, such 
as grass or phytoplankton, are heavily grazed by animals, recycling by way of animal 
excretions may also be important. 

Measurements of turnover rates indicate that the nutrients that protozoa release 
during their lifetime is many times the amount of soluble nutrients released by mi- 
crobial decomposition of their bodies after their death (Pomeroy et al. 1963; Azam 
et al. 1983). These excretions include dissolved inorganic and organic compounds of 
phosphorus, nitrogen, and CO), which are directly usable by producers without any 
further chemical breakdown by bacteria. 

Direct recycling by symbiotic microorganisms, such as dinoflagellates in coral 
reefs, is expected to be important in nutrient-poor or oligotrophic environments, 
such as the oceans or the Everglades. Water, as we have seen, is largely recycled by 
the direct actiort of solar energy and by the weathering and erosion processes associ- 
` ated with downhill flows of water that bring the sedimentary elements of abiotic 
reservoirs into biotic cycles. Human beings enter the recycling picture when they ex- 
pend fuel energy to desalinate water from the sea, produce fertilizers, or recycle alu- 
minum or other metals. 

Recycling work accomplished mechanically or physically can provide an energy 
subsidy for the system as a whole. In the design of disposal systems for human and 
industrial wastes, it is frequently profitable to provide an input of mechanical energy 
to pulverize organic matter and thus hasten its rate of decomposition. Physical break- 
down by the activities of large free-ranging mammalian grazers is also important in the 
release of nutrients from resistant pieces of detritus (McNaughton et al. 1997). 

Recycling is not a free service; there is almost always an energy cost. When sun- 
light and organic matter are the energy sources for recycling work, humans do not 
need to pay for the use of the services provided by natural capital. Without being dis- 
rupted or poisoned, natural recycling mechanisms can do most of the work of recy- 
cling water and nutrients. Industrial materials (such as heavy metals) involved in 
manufacturing are quite another matter; their recycling is costly in fuel and money, 
but there is little choice when supplies become limited or when the wastes endanger 
human health. 


The Cycling Index 


Cycling within ecosystems may be defined in terms of the proportion of incoming. 


material that circulates from one compartment to another before exiting from the sys- 
tem. The recycled fraction is the sum of the amounts cycled through:each compart- 
ment as follows: 


where CI is the cycling index, TST, is the portion of the total system throughfiow 
that is recycled, and TST is the total system throughflow. Throughdlew-is: defined as 
the sum of all inputs minus the change in storage within the system if it is negative 
or, alternatively, all outputs plus the change in storage if it is positive. 


Finn (1978) calculated the cycling index for calcium in the Hubbard Brook.wa-. 


tersheds to be between 0.76 and 0.80. This means that about 86 percent of thecal- 
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cium throughflow is recycled. Cycling indices were even higher for potassium and 
nitrogen. The nutrients in this watershed appear to recycle in the following order of 
efficiency (from highest to lowest CI): K > Na > N > Ca > P > Mg > S. This or- 
dering relates to the input of each element from outside the system, the mobility of 
the element, and the biological requirements of biota. Cycling indices are generally 
low for nonessential elements, such as lead, or for essential elements that are required 
in very small amounts relative to their availability, such as copper. Elements that hu- 
man societies consider valuable, such as platinum and gold, are 90 percent or more 
recycled. As would be expected, the cycling index for energy (calorie flow) is zero, 
because, as emphasized earlier in this book, due to the second law of thermodynam- 
ics, energy passes straight through the system and cannot cycle. 


Recycling of Paper 


Paper provides an excellent example of how recycling develops in urban-industrial 
systems in a parallel manner to the recycling of important materials in natural sys- 
tems. As shown in Figure 4-13A, recycling in natural ecosystems, as measured by a 
cycling index, increases as the biotic components of the ecosystem become larger and 
more complex, as resources in the input environment become scarce, or as waste 

< products pile up in the output environment to the detriment of the life within the 
ecosystem. 


As long as there were plenty of trees, paper mills, and vacant land for the disposal 
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Figure 4-13. (A) Ecological theory of recycling. 


The cycling index (C/) is low (0 to 10 percent) 
during the early stages of ecosystem develop- 
ment (succession), when resources are abundant, - 
and for nonessential elements. Cf is high (>50 
percent) during mature stages of ecosystem de- 
velopment, when résources are scarce, and for 
essential elements. The key consideration is that 
energy (which cannot be recycled) is required to 


drive the recycling loops. (B) Paper flow through SA SN A 

the urban-industrial system, showing the condi- BEA 
tions conducive to the recycling of paper. Citizens | Land | 
benefit by recycling through a reduction in harm- fill} 
ful environmental impacts (on forests, streams, 

and land) and taxes for city services. 
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of waste paper, there was little incentive to invest in facilities and energy to recycle 
the paper flowing through the urban-industrial system (Fig. 4-13B). As the environs 
of the city become congested, however, land values rise, and it becomes increasingly 
difficult and expensive to maintain landfills or disposal sites. Pressure comes from in- 
put environments when pulpwood supplies or mill production begin to fall short of 
demand. In both cases, it “pays” to consider recycling. For paper recycling to be suc- 
cessful, a market (a recycling mill) must exist for used newspaper and cardboard. 
Such a mill represents an energy-saving recycling mechanism similar to the dissipa- 
tive structures that are found in natural ecosystems such as forests and coral reefs. 


Global Climate Change 


Statement 


As emphasized in Chapter 2, large, complex systems tend to pulse widely in the ab- 
sence of set-point controls. During the past 150,000 years or so, global climates have 
fluctuated between two states: warm-moist and cold-dry. Currently, human activities 
are beginning to affect the forcing functions of global warming. 


Explanation 


There are at least three ways to study past climate fluctuations: (1) tree-ring dendrol- 
ogy; (2) lake-, bog-, and ocean-bottom cores; and (3) ice cores. Sediment cores reveal 
that between 130,000 and 115,000 years ago, there was a warm period rather like 
today’s climate, followed by the Wisconsin Ice Age, which ended about 12,000 years 
ago, when the current, relatively warm Holocene period began (M. B. Davis 1989). 
Although these large shifts between warm and coc! climate occurred over long peri- 
ods of time, giving organisms time to adapt or shift their ranges geographically, re- 
cent studies of polar ice cores reveal that in the past, there have also been periods of 


- rapid climate changes that occurred within less than 50 years. Accordingly, there is- 


a concern that human activities, such as the burning of fossil fuels relating to global 
increases in CO,, have triggered such a rapid climate change that humanity will have 
difficulty dealing with it. 

Recall Figure 4-6B, which showed the continuous increase in atmospheric CO, 
concentration from 1958 to 2002, as measured at the Mauna Loa Observatory, Ha- 
waii. The increase in greenhouse gases (especially CO, and methane) that tend to 
warm Earth has been subject to much research and discussion in recent years, Much 
less is known about the role of dust and aerosols (particles small enough to remain: 
suspended for weeks and months in the troposphere, the lowest layer of the atmo- 
sphere, ranging from 10 to 20 kilometers in elevation) or cloud cover, which tend to . 
cool the planet by reflecting solar radiation back into space. There is considerable un- 


certainty about the indirect cooling effects of aerosols (Andreae 1996; Tegen et al. 


1996). Also uncertain are the long-term effects of large volcanic eruptions, such as 
the eruption of Mount Pinatubo in 1991, which reduced the global mean tempera- 
ture by about 0.5° C. Likewise, there is uncertainty regarding the effect of reforesta- 
tion (biomass increase) and sequestration of carbon in soil and ocean sinks, which 
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‘Figure 4-14. Global warming in terms of average mean temperature (1860-2000). Global 
temperatures pulse strongly, but only since the 1930s has there been significant net warming 
{courtesy of University of East Anglia, Hadley Centre, Norwich, UK). 


could function as a negative feedback to slow global warming (J. L. Sarmiento and 
Gruber 2002). 

During the past several decades, however, the certainty of the rise in CO, and 
other greenhouse gases resulting in increasing global temperatures (Fig. 4-14) has 
been established. There is now ample evidence to evaluate the ecological impact of 
recent climate changes on various ecosystem-types, ranging from polar terrestrial to 
marine environments. There seems to be a pattern of ecological’ change across sys- 
tems and levels of organisms (such as changes in assemblages of species in ecological 
communities, timing of behavioral events, and invasion of exotic species). These re- 
sponses relate to changes at the population (both flora and fauna), community, eco- 
system, landscape, and biome levels of organization (see Walther et al. 2002 for a 
summary of the ecological responses to recent climate change) 

Although it is certain that during the past several decades, an increase in CO, 
(Fig. 4-6B) and other greenhouse gases has resulted in an increase in global temper- 
atures (Fig. 4-14), there is still considerable uncertainty regarding the effects of global 
warming on rainfall. Grasslands are more vulnerable to changes in rainfall than for- 
ests or deserts, as Kaiser (2001) noted. Shrubs and trees will invade grasslands with 
an increase in rainfall, whereas desert shrubs will invade grasslands with a decrease 
in rainfall. Changes in grasslands will also depend on the intensity of grazing, as in- 
tensive grazing brings on desert shrubs. Only long-term, integrative investigations 

` addressing these giobal changes will provide the necessary information to manage re- 
sources on a worldwide scale. 
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Concept of Limiting Factors: 
The Liebig Law of the Minimum 


Statement 


The success of an organism, a group of organisms, or a whole biotic community de- 
pends on a complex of conditions. Any condition that approaches or exceeds the lim- 
its of tolerance is said to be a limiting condition or a limiting factor. Under stable 
conditions, the essential constituent available in amounts most closely approaching 
the minimum need tends to be the limiting one, a concept termed the Liebig law 
of the minimum. The concept is less applicable under transient-state conditions, 
when the amounts, and hence the effects, of many constituents are rapidly changing. 


Explanation 


The idea that an organism is no stronger than the weakest link in its ecological chain 
of requirements was first clearly expressed by Baron Justus von Liebig in 1840. Liebig 
was a pioneer in studying the effect of various factors on the growth of plants, espe- 
cially domestic crops. He found—as do agriculturists today—that the yield of crops 
was often limited not by nutrients needed in large quantities, such as carbon dioxide 
and water, because these were often abundant in the environment, but by some raw 
material (such as zinc) needed in minute quantities but very scarce in the soil. His 
statement that the “growth of a plant is dependent on the amount of foodstuff which 
is presented to it in minimum quantity” has come to be known as Liebig’s law. 
Extensive work since the time of Liebig has shown that two subsidiary principles 
must be added tothe concept if it is to be useful in practice. The first is a constraint 
that the Liebig law of the minimum is strictly applicable only under relatively stable condi- 
tions; that is, when the average inflows of energy and materials balance the outflows 
over an annual cycle. To illustrate, suppose that carbon dioxide was the major limit- 
ing factor in a lake, and productivity was therefore controlled by the rate of supply 
of carbon dioxide coming from the decay of organic matter. Assume that light, nitro- 
gen, phosphorus, and other vital elements were available in excess of use (and hence 
not limiting factors). If a storm brouglit more carbon dioxide into the lake, the rate 
of production would change and depend on other factors as well. While the rate is 
changing, there is less likely to be one minimum constituent. Instead, the reaction de- 
pends on the concentration of all constituents present, which in this transitional pe- 
riod differs from the usual rate at which the least plentiful constituent is being added. 
The rate of production would change rapidly as various constituents were used up, 
until some constituent, perhaps carbon dioxide again, became limiting. The lake sys- 
tem would once again be operating at the rate controlled by the law of the minimum. 
The second important consideration is factor interaction. Thus, a high concentra- 
tion or availability of some substance, or the action of some factor other than the min- 
imum constituent may modify the rate of use of the limiting factor. Sometimes or- 
ganisms can substitute, at least in part, a chemically closely related substance for one 
that is deficient in'the environment. Thus, where strontium is abundant, mollusks 
can partially substitute strontium for calcium in their shells. Some plants have been 
shown to require less zinc when growing in the shade than when growing in full sun- 
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light; therefore, a low concentration of zinc in the soil would less likely be limiting to 
plants in the shade than to plants under the same conditions in full sunlight. 


Limits of Tolerance Concept 


Not only may too little of something be a limiting factor, as proposed by Liebig (1840), 

but also too much (as in the case of nitrogen documented in Chapter 4) of such fac- 

tors as heat, light, and water. Thus, organisms have an ecological minimum and max- 

imum; the range in between represents the limits of tolerance. The concept of the lim- 

iting effect of maximum as well as minimum constituents was incorporated into the 

Shelford law of tolerance (Shelford 1913). Since then, much work has been done 

in “stress ecology,” so that the limits of tolerance within which various plants and an- 

imals can exist are well known. Especially useful are what can be termed stress tests, ; 
carried out in the laboratory or in the field, in which organisms are subjected to an i 
experimental range of conditions (see Barrett and Rosenberg 1981 for details). Such 
a physiological approach has helped ecologists to understand the distribution of or- 
ganisms in nature; however, it is only part of the story. All physical requirements 
may be well within the limits of tolerance for an organism, but the organism may still 
fail because of biological interrelations, such as competition or predation (see Chap- 
ter 7 for details). Studies in intact ecosystems must accompany experimental labo- 
ratory studies, which, of necessity, isolate individuals from their populations and 
communities. 

Some subsidiary principles to the law of tolerance may be stated as follows: 


i * Organisms may have a wide range of tolerance for one factor and a narrow range i- 
. for another. 


e Organisms with wide ranges of tolerance for limiting factors are likely to be most 
widely distributed. 





ə When conditions are not optimal for a species with respect to one ecological 
factor, the limits of tolerance may be reduced for other ecological factors. For i 
example, when soil nitrogen is limiting, the resistance of grass to drought is re- 3 
duced (more water is required to prevent wilting at low nitrogen levels than at } 
high levels). 

2 ° Frequently, organisms in nature are not actually living at the optimum range (as 

d determined experimentally) of a-particular physical factor. In such cases, some 
other factor or factors are found to have greater importance. For example, cord 
grass (Spartina alterniflora), which dominates East Coast salt marshes, actually 

` grows better in freshwater than in salt water, but in nature it is found ondy in salt 
water, apparently because it can extrude.the salt from its leaves better than other 
rooted marsh plants (that is, because this mechanism enables cord grass to out- 
compete its competitors). 





e Reproduction is usually a critical period when environmental factors are most 
likely to be limiting. The limits of tolerance for reproductive individuals, seeds, 
eggs, embryos, seedlings, and larvae are usually narrower than for nonreproduc- 
4 l ; ing adult plants or animals. Thus, an adult cypress tree will grow continually sub- 
A merged in water or on dry upland, but it cannot reproduce unlesshere-is moist, 
{ unflooded ground for seedling development. Adult blue crabs and: many other 

marine animals can tolerate brackish water or freshwater that has.a high chloride 
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content and, thus, are often found for some distance up rivers. The larvae, how- 
ever, cannot live in such waters; therefore, the species cannot reproduce in the 
riverine environment and never becomes established permanently. The geo- 
graphical range of game birds is often determined by the impact of climate on 
eggs or young rather than on adults. One could cite hundreds of other examples. 


For the relative degree of tolerance, a series of terms have come into general use 


in ecology that use the prefixes steno-, meaning “narrow,” and eury-, meaning “wide.” 
Thus, 


stenothermal-eurythermal refers to narrow and wide tolerance, respec- 
l tively, of temperature 
stenohydric-euryhydric ` refers to narrow and wide tolerance, respec- 
l tively, of water 

stenohalirie-euryhaline refers to narrow and wide tolerance, respec- 
tively, of salinity 

stenophagic-euryphagic tefers to narrow and wide tolerance, respec- 
tively, of food 

stenoecious-euryecious refers to narrow and wide tolerance, respec- 


tively, of habitat selection 


These terms apply not only to the organism level but equally well to the community 
and ecosystem levels. For example, coral reefs are very stenothermal, in that they 
prosper only within a very narrow range of temperature. A prolonged 2° C temper- 
ature drop is stressful, causing “bleaching” or loss of the symbiotic algae that make it 
possible for corals to prosper in very low-nutrient waters. 

The concept of limiting factors is valuable because it gives the ecologist an “en- 
tering wedge” into the study of complex ecosystems. Environmental relations of or- 
ganisms are complex, but fortunately, all possible factors are not equally important 
in a given situation for a particular organism. Studying a particular situation, the ecol- 
ogist can usually discover the probable weak links and focus attention, initially at 
least, on those environmental conditions most likely to be critical or limiting. If an 
organism has a wide limit of tolerance for a relatively constant factor present in mod- 
erate quantity in the environment, that factor is not likely to be limiting. Conversely, 

"if an organism is known to have definite limits of tolerance for a factor that is also 
variable in the environment, then that factor merits careful study, because it might be 
limiting. For example, oxygen is so abundant, constant, and readily available in above- 
ground terrestrial environments that it is rarely limiting to land organisms, except to 
parasites or organisms living in soil or at high altitudes. On the other hand, oxygen 
is relatively. scarce and often extremely variable in water and, thus, is often an im- 
portant limiting factor to aquatic organisms, especially animals. 


Examples 


For an example of limiting factors at the species level, compare the conditions under 
which brook trout (Savelinus) eggs and eggs of the leopard frog (Rana pipiens) develop 
and hatch. Trout eggs develop between 0° and 12° C, with an optimum at about 4° C. 
Frog eggs develop between 0° and 30° C, with an optimum at about 22° C. Thus, 
trout eggs are stenothermal and low-temperature tolerant, whereas frog eggs are eu- 
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rythermal and high-temperature tolerant. Trout—both eggs and adults—are in gen- 
eral relatively stenothermal, but some species are more eurythermal than the brook 
trout. Likewise, of course, species of frogs differ. These concepts, and the use of terms 
in regard to temperature, are illustrated in Figure 5-1. In a way, the evolution of nar- 
row limits of tolerance might be considered a form of specialization that contributes 
to increased diversity in the community or ecosystem as a whole, whereas the evolu- 
tion of broad limits of tolerance could be considered to promote generalist species 
that are less susceptible to human perturbations. 

An example of limiting factors at the ecosystem level is the finding that two min- 
eral nutrients, iron and silica, limit primary production over very large areas of the 
world’s open oceans. Menzel and Ryther (1961) were among the first to find iron as 
a limiting factor in their studies of ocean waters off Bermuda. Martin et al. (1991) and 
Mullineaux (1999) have reviewed the evidence that iron is limiting almost every- 
where in the open oceans. Because diatoms requiré silica for their shells, and this mi- 
cronutrient is present in very low concentrations in seawater, silica is limiting wher- 
ever diatoms are an important part of the phytoplankton (Tréguer and Pondaven- 
2000). 

The following briefly outlined examples further demonstrate the importance of 
the concept of limiting factors and the limitations of the concept itself: 


e Ecosystems developing on unusual geological formations often provide instruc- 
tive sites for the analysis of limiting factors, as one or more important chemical 
elements may be unusually scarce or unusually abundant. Such a situation is pro- 
vided by serpentine soils (derived from magnesium-iron-silicate rocks), which are 
low in major nutrients (calcium, phosphorus, and nitrogen) and high in magne- 
sium, chromium, and nickel, with concentrations of the latter two approaching 
toxic levels for organisms. Vegetation growing on such soils has a characteristically 

` stunted appearance, which contrasts sharply with adjacent vegetation on non- 
serpentine soils, and comprises an unusual flora with many endemic species (that 

_ is, species restricted to certain specialized habitats). For example, bare monkey- 
flower (Mimulus nudatus) thrives only in serpentine soils. Despite the twin limita- 
tions of scarce major nutrients and abundant toxic metals, a biotic community 
has evolved over geological time that can tolerate these conditions, but at a re- 
duced level of community structure and productivity. 


* Great South Bay on Long Island, New York, dramatically demonstrated how “too 


much of a good thing” can completely change an ecosystem, in-this case to the 
detriment of a seafood industry. This story, which might be entitled “The Ducks 
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versus the Oysters,” has been well documented, and the cause-effect relations have 
been verified by experiments. The establishment of large duck farms along the 
tributaries leading into the bay resulted in extensive fertilization of the waters 
by duck manure and a consequent great increase in phytoplankton density. The 
low circulating rate in the bay allowed the nutrients to accumulate rather than be 
flushed out to sea. The increase in primary productivity might have been ben- 
eficial, had not the organic form of the added nutrients and the low nitrogen- 
phosphorus ratio completely changed the type of producers. The normal mixed 
phytoplankton of the area, consisting of diatoms, green flagellates, and dinoflag | 
ellates, was almost completely replaced by very small green flagellates of the gen- 
era Nannochloris and Stichococcus. The famous blue-point oysters, which had been 
thriving for years on a diet of the normal phytoplankton and supporting a profit- 
able industry, could not use the newcomers as food and gradually disappeared. 
Oysters were found starving to death with their intestines full of undigested green 
flagellates. Other shellfish were also eliminated, and all attempts to reintroduce 
them failed. Culture experiments demonstrated that the green flagellates grow 
well when nitrogen is in the form of urea, uric acid, and ammonia, whereas the 
diatom Nitzschia, a normal phytoplankton producer, requires inorganic nitrogen 

_ (nitrate). The invading flagellates could “short-circuit” the nitrogen cycle (they 
did not have to wait for organic material to be reduced to nitrate). This case pro- 
vides a good example of how a normally rare specialist in the usual fluctuating 
environment takes over when unusual conditions are stabilized. This example 
also demonstrates the frequent experience of laboratory biologists, who find that 
the common species of unpolluted nature are often difficult to culture in the lab- 
oratory under conditions of constant temperature and enriched media, because 
they have adapted to the opposite conditions (low nutrients and variable tem- 
peratures): On the other hand, the “weed” species—normally rare or transitory 
in nature—are easy to culture because they are stenotrophic and thrive on en- 
riched (that is, polluted) conditions. 


In the 1950s, Andrewartha and Birch (1954) nel a lively discussion in the eco- 
logical literature when they suggested that distribution and abundance are-con- 
trolled mainly by physical (abiotic) factors. Accordingly, studies at range margins 
should be a good way to single out which factors are limiting. However, ecolo- 
gists now know that both biotic and abiotic factors may limit abundance in the 
center of ranges and distribution at the margins, especially because population 
geneticists have reported that individuals in marginal populations may have dif- 
ferent gene arrangements from central populations (see discussion of ecotones 
and ecotypes in the next section). In any event, the biogeographical approach be- 
comes especially interesting when one or more landscape-level environmental 
factors suddenly or drastically change. Thus, a “natural experiment” is set up that 
is often superior to a laboratory experiment, because factors other than the one 
being considered continue to vary normally instead of being controlled in an ab- 
normal, constant manner. 


One experimental approach to determining biotic limiting factors involves adding 
or removing species populations. The intertidal zone on rocky seashores is a good 
habitat for such experiments. Extensive work by Paine (1966, 1976, 1984), Day- 
ton (1971, 1975), Connell (1972), and others has shown that intertidal commu- 
nities tend to have strong dominants (that is, species capable of excluding others 
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in the same trophic position). With space in the narrow intertidal zones always 
potentially limiting, the main factors in preventing monopolization by a single 
species are predation (for animals) and grazing (for plants). 


2 Factor Compensation and Ecotypes 


Statement 


Organisms are not subjugated to the physical environment; they adapt themselves 
and modify the physical environment to reduce the limiting effects of temperature, 
light, water, and other physical conditions of existence. Such factor compensation is 
particularly effective at the community level of organization, but it also occurs within 
species. Species with wide geographical ranges almost always develop locally adapted 
populations called ecotypes that have optima and limits of tolerance adjusted to local 
conditions. Ecotypes are genetically differentiated subspecies that are well adapted 
to a particular set of environmental conditions. Compensation along gradients of 
temperature, light, pH, or other factors usually involves genetic changes of ecotypes, 
but it can occur by physiological adjustments without genetic fixation. 


Explanation 


Species that range widely along a gradient of temperature or other conditions often 
differ physiologically and sometimes morphologically in different parts of their range. 
Usually, genetic changes are involved, but factor compensation can be accomplished 
without genetic fixation by physiological adjustments in organ functions or by shifts 
in enzyme-substrate relationships at the cellular level. Reciprocal transplants provide 
a convenient method of determining to what extent genetic fixation is involved in 
ecotypes. McMillan (1956), for example, found that prairie grasses of the same spe- 
cies (and to all appearances identical) transplanted into experimental gardens from: 
different parts of their range responded quite differently to light. In each case, the 
timing of growth and reproduction was adapted to the area from which the grasses 
were transplanted. The importance of genetic fixation in local strains has.ofterbeen 
overlooked in applied ecology; restocking or transplanting of plants and. animals 
frequently fail because individuals from remote regions are used instead of locally 
adapted stock. Transplanting also frequently disrupts local species interactions and 
regulatory mechanisms. 





Examples | 


Figure 5-2 illustrates temperature compensation for the jellyfish Aurelia -aurita. 

` Northern jellyfish can swim actively at low temperatures that would. completely in- 
hibit individuals from the southern populations. Both populations-are-adapted to 
swim at about the same rate, and both function to a remarkable extent independently 
of the temperature variations in their particular environment. 
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Figure 5-2. Temperature compensa- 

tion at the species and community levels. 25 
The relation of temperature to swimming 20 
movement in northern (Halifax) and south- 
ern (Tortugas) individuals of the same 
species of jellyfish, Aurelia aurita. The 10 
habitat temperatures were 14° C and 
29° C, respectively. Note that each popu- 
lation is acclimated to swim at a maximum 
rate at the temperature of its local envi- 
ronment. The cold-adapted form shows 
an especially high degree of temperature 
independence (from Bullock 1955). 2 
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Figure 5-3. Ecotypic differentiation <——-———- Ecotypic differentiation among populations ——-———> 
in populations of yarrow, Achillea mille- pee S 
folium, as demonstrated by collecting 

seeds from different elevations and Knight's sia and Matha 

growing these seeds under identical Ferry y; 

conditions in a sea-level garden. (From ‘ 

Clausen, J., D. D. Keck, and W. M. Hie- n W \ 

sey. 1948. Experimental studies on the 

nature of species. Volume 3. Environ- 
mental responses to climactic races of 
Achillea. Carnegie. Institution of Wash- 
ington Publication 581:1-129. Re- 
printed with permission.) 
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A good example of an experimental approach to determining the extent of genetic 
fixation in ecotypes is the study of Achillea millefolium, a species of yarrow that grows 
from down in the valleys to high altitudes in the Sierra Mountains, Low-altitude 
plants are tall, and high-altitude plants are short in structure (Fig. 5-3). When seeds 
of both varieties were planted in the same garden at sea level, they retained their tall 
and short statures, indicating that genetic fixation had taken place (see Clausen et al. 
1948 for details). 

Factor compensation occurs along seasonal as well as geographical gradients. A 
striking, well-studied example is that of the creosote bush, Larrea, which dominates 
low-altitude, hot deserts of the southwestern United States. Although Larrea is a C, 
plant, (using a photosynthetic mode not especially adapted to hot and dry condi- 
tions), it can shift its optimal temperature upward from winter to summer by accli- 
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mation. High photosynthetic rates are maintained by an additional acclimation to 
drought stress, as measured by leaf water potential. 

In nutrient-poor environments, efficient recycling between autotrophs and het- 
erotrophs often compensates for nutrient scarcity. Coral reefs and rain forests are ex- 
amples cited previously. Nitrogenous nutrients in the waters of the North Atlantic are 
so low that they are difficult to detect by standard instruments. Yet phytoplankton 
photosynthesis occurs at a high rate. The rapid and efficient uptake of nutrients re- 
leased in zooplankton excretion and bacterial action compensates for the overall scar- 
city of nitrogen. 


Conditions of Existence as Regulatory Factors 


Statement 


Organisms not only adapt to the physical environment in the sense of tolerating it, 
but also use the natural periodicities in the physical environment to time their activ- 
ities and to “program” their life histories so they can benefit from favorable condi- 
tions. They accomplish this by means of biological clocks, physiological mecha- 
nisms for measuring time. The most common and perhaps basic manifestation is the 
circadian rhythm (from circa = “about” and dies = “day”), or the ability to time and 
repeat functions at about 24-hour intervals even in the absence of conspicuous envi- 
ronmental cues such as daylight. When one adds interactions between organisms and 
reciprocal natural selection between species (coevolution), the whole community be- 
comes programmed to respond to seasonal and other rhythms. 


Explanation 


It is our circadian rhythm that gets upset when we suffer “jet lag” after a long airplane 
trip. The biological clock is set by biological and physical rhythms that. enable or- 
ganisms to anticipate daily, seasonal, tidal, and other periodicities. There is increas- 
ing evidence that the actual timing is accomplished by cellular oscillators that oper- 
ate as a feedback loop involving “clock” genes (see Dunlap 1998). Circadian rhythms 


and their underlying cellular oscillators are ubiquitous in biological organisms and — 


are used to anticipate the best time to feed, to bloom in the case of plants, to migrate, 
to hibernate, and so on. 


Examples 


Fiddler crabs that live in tidal marshes have their clock set to tidal rather. than diur- 
nal time, When kept in the lab in the dark and without tide, they become-active at 
the time the tide would be ebbing, when they would normally be emerging from their 
burrows to feed. 

A dependable cue by which organisms time their seasonal activities.in-the Temi- 
perate Zones is the day-length period or photoperiod. In contrast to most-other sea- 
sonal factors, day length is always the same for a given season and iocality. Theamph- 
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Figure 5-4. Control of the. breeding og 
season in the brook trout by artificial Artificial 
manipulation of the photoperiod. Trout, 
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tude in the annual day-length cycle increases with increasing latitude, thus providing 
latitudinal as well as seasonal cues. In Winnipeg, Manitoba, Canada, the maximum 
photoperiod is 16.5 hours (in June) and the minimum is 8.0 hours (in late Decem- 
ber). In Miami, Florida, the range is only 13.5 to 10.5 hours, respectively. The photo- 
period has been shown to be the timer or trigger that sets off physiological sequences 
that cause the growth and flowering of many plants; the molting, fat deposition, mi- 
gration, and breeding in birds and mammals; and the onset of hibernation or dia- 
pause (resting stage) in insects. Photoperiodicity is coupled with the biological clock 
of the organism to create a timing mechanism of great versatility. 

Day length acts through a sensory receptor, such as an eye in animals or a special 
pigment in the leaves of a plant, which, in turn, activates one or more back-to-back 
hormone and enzyme’ systems that bring about the physiological or behavioral re- 
sponse. Although the higher plants and animals are widely divergent in morphology, 
the physiological linkage with environmental photoperiodicity is similar. 

~ Among the higher plants, some species bloom on increasing day length and are 
termed long-day plants; others that bloom on short days (less than 12 hours) are 
known as short-day plants. Animals likewise may respond to éither lengthening or 
shortening days. In many, but by no means all, photoperiod-sensitive organisms, the 
timing can be altered by experimental or artificial manipulation of the photoperiéd 
As depicted in Figure 5-4, an artificially accelerated light regimen can bring brook 
trout into breeding condition up to four months early. Florists can often force flow- 
ers to bloom out of season by altering the photoperiod. In migratory birds, there are 
several months after the fall migration when the birds are refractory to photoperiod 
stimulation. The short days of fall are apparently necessary to “reset” the biological 
clock, as it were, and prepare the endocrine system for a response to long days. Any- 
time after late December, an artificial increase in day length will bring on the se- 
quence of molting, fat deposition, migratory restlessness, and gonad enlargement 
that normally occurs in the spring. The physiology of this response in birds was first 
documented by Farner (1964a, 1964b). . 

Photoperiodicity in certain insects and annual plant seeds is noteworthy because 
it provides a sort of birth control. For example, in insects, the long days of late spring 
and early summer stimulate the “brain” (actually a nerve cord ganglion) to secrete a 
neurohormone that starts producing a diapause or resting egg that will not hatch un- 
til next spring no matter how favorable temperatures, food, arid other conditions are. 
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Thus, population growth is halted before rather than after the food supply becomes 
critical. 

In striking contrast to day length, rainfall in a desert is highly unpredictable, yet 
desert annuals, which constitute the largest number of species in many desert floras, 
use this factor as a regulator. These annuals, known as ephemerals, persist as seeds 
during periods of drought, but are ready to sprout, flower, and produce seeds when- 
ever moisture is favorable. The seeds of many such species contain a germination in- 
hibitor that must be washed out by a certain minimum amount of water (for example, 
half an inch, or 1-2 cm) from a rain shower. This shower provides all the water nec- 
essary to complete the life cycle back to seeds again. The young plants grow rapidly 
in the bright desert sunlight following the rain. They start flowering and setting seed 
_ almost immediately. They remain small, with no elaborate stem or root systems, with 
all energy put into flowering and seed production. If such seeds are placed in moist 
soil in the greenhouse, they fail to germinate; but they do so quickly when treated 
‘with a simulated shower of the necessary magnitude. Seeds may remain viable in the 
soil for many years, “waiting,” as it were, for the adequate shower, which explains 
why deserts bloom (become quickly covered by flowers) a short time after a heavy 
rainfall. 


Soil: Organizing Component for Terrestrial Ecosystems 


Statement 


It is sometimes convenient to think of the ecosphere as comprising the atmosphere, 
the hydrosphere, and the pedosphere, the latter being the soil. Each is composed of a 
living and a nonliving component that are more easily separated theoretically than 
practically. Biotic and abiotic components are especially intimate in soil, which by 
definition consists of a weathered layer of Earth’s crust with living organisms inter- 
mingled with products of their decay. 


Explanation 


Because, for the most part, nutrients are regenerated and recycled during decompo- 
sition in the soil before they become available to the primary producers (plants), the 
soil can be considered a chief organizing center for land ecosystems. Without life, Earth 
would have a crust of some sort, but nothing like soil. Thus, soil is not only a factor 
of the environment to organisms, but it also is produced by them. In general, soil is 
the pet result of the action of climate and organisms, especially vegetation and mi- 
crobes, on the parent material of the surface of Earth. Thus, soil is composed of a par- 
ent material—the underlying geological or mineral substrate—and an organic com- 
ponent in which organisms and their products are intermingled with the finely 
divided and modified parent material. Spaces between the soil particles are filled with 
gases and water. The texture and parosity of the soil are highly important character- 
istics that largely determine its fertility. 

As in other major parts of the ecosphere, soil activity is concentrated in “hot 
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Figure 5-5. An area where much of 
the A horizon (topsoil) is being eroded . 
by rainfall due to lack of a cover crop. 


spots” such as root zones (rhizospheres) and organic aggregates. Rhizospheres are ag- 
gregations of microbes around roots, fecal pellets, patches of organic matter, and mu- 
cus secretions in soil pore necks (Coleman and Crossley 1996). According to Cole- 
man (1995), approximately 90 percent of metabolic activity may occur in these hot 
spots, which may occupy as little as 10 percent of the total soil volume. The soil sys- 
tem is the organizing center for terrestrial ecosystems; sediments in aquatic eco- 
systems may also function in a similar way. Major functions, such as community res- 
piration, R, and recycling are controlled by the rate at which nutrients are released by 
decomposition. 

The cut edge of a bank or an eroded field (Fig. 5-5) shows that soil is composed 
of distinct layers, which often differ in color. These layers are called soil horizons, 
and the sequence of horizons from the surface down is called a soil profile. The upper 
horizon, or A horizon (topsoil), is composed of the bodies of plants and animals that 
are being reduced to finely divided organic material by humification. In a mature soil, 


this horizon is usually subdivided into distinct layers representing progressive stages 


of humification. These layers (Fig. 5-6) are designated (from the surface downward) 
as A-0 (litter), A-1 (humus), and A-2 (leached [light-colored] zone). The A-0 layer is 
sometimes subdivided as A-1 (litter proper), A-2 (duff), and A-3 (leaf mold’. The lit- 
ter, or A-0 horizon, represents the detritus component and can be considered a sort 
of ecological subsystem in which microorganisms (bacteria and fungi) work in part- 
nership with small arthropods (soil mites and collembolans) to decompose the ot- 
ganic material. These microarthropods are “shredders,” in that they break up pieces 
of particulate detritus into smaller pieces and dissolved organic matter (DOM), which 
are more readily available to soil microorganisms. When these shredders are removed, 
the rate of decomposition is markedly reduced (Coleman and Crossley 1996). 

` The annual input into the litter subsystem: from leaf fall in forests increases from 
arctic to equatorial latitudes (Fig. 5-7). The next major horizon, or B horizon, is 
composed of mineral soil in which the organic compounds have been converted by 
decomposers into inorganic compounds (mineralization) and thoroughly mixed with 
finely divided parent material. The soluble materials of the B horizon are often 
formed in the A horizon and deposited or leached by the downward flow of water 
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_ Figure 5-6. Simplified diagrams of Deciduous Coniferous Grassland 
three major soil types that are character- forest forest 

istic of three major biomes (deciduous 

forest, coniferous forest, and grassland). 
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Figure 5-7. Annual litter fall in forests in relation to lati- i 


. tude. (1) Equatorial forests; (2) Warm temperate forests; 
(3) Cool temperate forests; and (4) Arctic-alpine forests (af- 


ter Bray and Gorham 1964). 
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into the B horizon. The dark band in Figure 5-6 represents the upper part of the 
B horizon where leached materials have accumulated. The third horizen, or C hori- 
zon, is the more or less unmodified parent material. This parent material-may repre- 
sent the original mineral formation that is disintegrating in place, or it may have been 
transported to the site by gravity (colluvial deposit), water {alluvial deposit), glaciers 
(glacial deposit), or wind (eolian deposit, or loess). Transported soils are often extremely 
fertile (witness the deep loess soils of Iowa and the rich soils-of the deltas of large 
rivers). , 

The soil profile and the relative thickness of the horizons are-generally character- 
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istic for different climatic regions and different topographical situations (Fig. 5-6). 
Thus, grassland soils differ from forest soils in that humification is rapid, but miner- 
alization is slow. Because the entire grass plant, including roots, is short-lived, each 
year’s growth adds large amounts of organic material, which decays rapidly, leaving 
little litter or duff but much humus. In the forest, however, litter and roots decay 
slowly, and because mineralization is rapid, the humus layer remains narrow. The 
humus content of grassland soil, for example, may be as much as 600 tons per acre, 
compared with only 50 tons per acre for forest soils (Daubenmire 1974). In a forest- 
grassland buffer zone in Illinois, one can easily tell by the color of the soil which 
cornfield was once prairie and which was forest. The prairie soil is much blacker, ow- 
ing to its high humus content. Given adequate rainfall, it is no accident that the “gran- 
aries of the world” are located in grassland regions. 

Topographic conditions greatly influence the soil profile in a given climatic re- 
gion. Steep slopes, especially if misused by humans, tend to have thin A and B hori- 
zons owing to erosion. Flat and gently sloping lands have deeper, more mature (well- 
developed soil profile), and more productive soils than do steeply sloping lands. 
Sometimes on poorly drained land, water may leach materials rapidly into the deeper 
layers, forming a mineral “hardpan” through which plant roots, animals, and water 
cannot penetrate, such as in a pygmy forest in a region where soils typically support 
giant redwoods. Poorly drained areas such as bogs also favor the accumulation of hu- 
mus, because poor aeration slows decay. 

The classification of soil types has become a highly empirical subject. The soil sci- 
entist may recognize dozens of soil types as occurring within a county, state, or prov- 
ince. Local soil maps are widely available from soil conservation agencies and from 
state universities. Such maps, and the soil descriptions that accompany them, pro- 
vide useful background for studies of terrestrial ecosystems. The ecologist, of course, 
should do more than merely name the soil in his or her study area. At the very min- 
imum, three important attributes should be measured at least in the A and B hori- 
zons: (1) texture—the percentage of sand, silt, and clay (or a more detailed determi- 
nation of particle size); (2) percentage of organic matter; and (3) exchange capacity 
—an estimate of the amount of exchangeable nutrients. The available minerals, 
rather than the total amount of materials, determine potential fertility, other condi- 
tions being favorable. 

Major soil types of the world and the United States are listed in Table 5-1, ar- 
ranged in order of area occupied worldwide. Alfisols and mollisols make the best 
agriculture soils, but these constitute only about 24 percent of the land area world- 
wide (but 38 percent for the United States). Huge areas of the terrestrial world are 
unsuitable for intensive crop production unless soils are heavily subsidized with fer- 
tilizers and water. 

Because soil is a product of climate and vegetation, the major soil types of the 
world form a composite map of climate and vegetation. Given a favorable parent ma- 
terial and not too steep a topography, the action of organisms and climate will tend 
to build up a soil characteristic of the region. From a broad ecological viewpoint, the 
soils of a given region may be lumped into two groups: mature soils, on level or gen- 
tly rolling topography, largely controlled by the climate and vegetation of the region; 
and immature soils (in terms of profile development), largely controlled by local con- 
ditions of topography, water level, or unusual type of parent material. The degree of 
soil maturity varies greatly with the region. Wolfanger (1930), for example, estimated 
that 83 percent of the soils located in Marshall County, lowa, are mature, compared 
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Bm Ac ce SN a a en ean 
Distribution of major soil types worldwide and in the United States 





Percentage of Percentage of 
land area fand area in the 


Soil type worldwide United States 
Aridisols (desert soils) l 19.2 11.5 
Inceptisols (weakly developed soils) 15.8 18.2 
Alfisols (moderately weathered forest soils) 14.7 13.4 
-Entisols (recent soils, profile undeveloped) 12.5 7.9 
Oxisols (tropical soils) 9.2 <0.1 
Mollisols (grassland soils) 9.0 24.6 
Ultisols (highly weathered forest soils) 8.5 12.9 
Spodosols (northern conifer forest soils) 5.4 5.1 
Vertisols (expandable clay soils) 2.1 1.0 
Histosols (organic soils) 0.8 0.5 
‘Miscellaneous soils (steep mountains, for example) 2.8 49 
Total 100.0 100.0 





Source: After E. P. Odum 1997. 


with only 15 percent of the soils in Bertie County, North Carolina, which is located 
on the sandy, geologically young Coastal Plain. For more on the ecology of soil, see 
Richards (1974), one of the first to consider soil as an ecosystem; Paul and Clark 
(1989); Killham (1994); and Coleman and Crossley (1996). Effland and Pouyat 
(1997) suggested we add human-created urban soil or anthrosol to the list of soil 
types. Anthrosol is 25 percent “fill,” including lots of pulverized concrete, dust, and 
debris, with more nitrogen and lime runoff than from natural soils. 


Soil Displacement: Natural and Human-Accelerated 


Soil erosion caused by water and wind occurs naturally at low rates all the time, with 

_ periodic large displacements resulting from great floods, glaciers, volcanic eruptions, 
and other episodic events. Areas that lose soil faster than new soil is formed generally 
suffer reduced productivity and other detrimental effects. Areas receiving.too much 
soil may also be negatively affected. However, fertility may be enhanced when soils 
are washed down from hills into river valleys and deltas. or are deposited on prairies 

_ by wind. As is the case for so many natural processes, humans tend to accelerate soil 
erosion, often to our long-term detriment. 

In the 1930s, the Soil Conservation Service (SCS) was established by the U.S. 
government to combat the soil erosion that was ruining thousands of hectares of 
farmland and forest. The Dust Bow] was taking its toll on the western plains at about 
this time. The SCS program that was developed to save soil is an excellent example 
of how government should work in the public interest in a demecracy..A close link- 
age was established among the federal government in Washington, D.C., state goy- 
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Figure 5-8. A dam constructed by 
the Army Corps of Engineers, located on 
the Brookville Reservoir in southeastern 
Indiana. Much of the watershed in this 
area is in agricultural practice, thus the 
reservoir is subject to sedimentation that 
may require dredging in future years. 


Limiting and Regulatory Factors 





ernments, land-grant universities, and counties. Washington provided the money, 
the universities contributed much of the research, but the decisions were made lo- 
cally, and county agents worked directly with landowners or with the stakeholders of 
the region. Terracing, grass waterways, riparian forest buffer strips, crop rotation, 
and other measures, together with improvements in the economic and educational 
status of farmers, reversed the tide of soil loss, and a soil conservation ethic was genet- 
ally accepted by farmers and other landowners. 

Perhaps partly because of its success, the SCS had so much support in Congress 
and in the states that it became increasingly bureaucratic (and thus less responsive to 
relevant needs) and extended its activities into other areas, such as channeling 
streams and building large dams (Fig. 5-8), that often had questionable value to soil 
preservation. Then, suddenly, in the 1970s, soil erosion again became an urgent na- 
tional problem because of two new trends. The first was the industrialization of farm- 
ing, emphasizing cash crops that were treated less as food than as commodities for 
sale, especially on the overseas market. Unfortunately, when farms are operated 
strictly as businesses— often by corporations or other.absentee owners—short-term 
crop yield is maximized at the expense of maintaining long-term fertility and pro- 
ductivity. The second trend was urban sprawl, as roads and housing developments 
mushroomed in the rural countryside;-with little or no concern about the loss of soil 
and prime farmland (Forman and Alexander 1998). 

The urgent need to counteract the deleterious effects of these. two major land-use 
changes and to reestablish a soil conservation ethic is well documented by govern- 
mental reports, for example, the Council on Environmental Quality (CEQ; 1981), 
and assessments by private conservation foundations. For example, in 1985, the 


Conservation Reserve Program (CRP) was established, which paid farmers to “retire” 


15 million hectares—roughly 10 percent of the cropland located in the United States 
—converting it back to grassland or forest before it became wasteland. Within five 
years, U.S. farmers had converted nearly 15 million hectares of cropland to grassland. 
The CRP reduced excessive soil erosion by some 40 percent, helping to enhance food 
security on a globai basis. The nonmarket (natural capital) benefits from reducing 
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soil erosion and providing habitat quality between 1985 and 2000 are estimated to 
exceed 1.4 billion dollars (L. R. Brown 2001). 

Approximately half of the best farmland in lowa and Illinois is losing 10 to 
20 tons of soil per acre each year, and a quarter of all farmland in the United States 
is losing soil at a rate greater than the tolerable level. To put this in perspective, con- 
sider that an acre (0.4 ha) of topsoil 6 inches (15 cm) deep (about plow depth) weighs 
about 1000 tons, so 1 acre-inch equals about 167 tons. An annual loss of 10 tons per 
acre represents a loss of 1 inch (2.54 cm) of topsoil every 17 years—a loss much 
greater than any known rate of soil formation. Langdale et al. (1979) estimated that 
for every inch (2.54 cm) of topsoil lost, a crop yield reduction of at least 10 percent 
occurs. Soil losses from urban and suburban construction, although often of short du- 
ration, are even more severe. Losses of 40 tons per acre are not uncommon, and losses 
of 100 tons per acre have been recorded in extreme cases (E. H. Clark et al. 1985). 

Soil erosion resulting from poor land use is, of course, not new. What is new are 
the accelerated rate and larger scale of soil disturbance due to market pressure, pop- 
ulation increase, and use of large, powerful machines; and the toxic agricultural and 
industrial chemicals that move downhill and downstream with the displaced soil. If 
the current degradation continues, the needs and demands for more food from fewer 
hectares cannot possibly be met. 

Of course, erosion is not the only problem that threatens the capacity of soil to 
produce food and fiber for humans. Soil compaction, resulting from intensive culti- 
vation with ever larger and heavier farm machinery, definitely reduces yields. About 
half of the irrigated lands of the world are damaged to some extent by salinization 
(salt accumulation) or alkalinization (alkali accumulation). So far, yields have been 
maintained despite declines in soil quality by pouring on more fertilizer and more 
water. This method works for as long as these subsidies are relatively inexpensive, 
which will be less and less the case in the near future. 


Soil Quality as an Indicator of Environmental Quality 


In the closing years of the twentieth century, scientific attention to and publicity on 
high-yielding crop varieties diverted attention from the fact that maintaining high 
yields depends on maintaining soil quality, which, in turn, depends on sustainable 
tillage and diversity both at the crop and landscape levels. As soil is the chief orga- 
nizing center for terrestrial and wetland ecosystems, soil quality should be a good in- 
dicator of environmental quality in general. In other words, if the quality of the soil 
is being maintained, then whatever is going on in the landscape, whether natural or 
managed, should be sustainable. 

Soil quality has been defined by the Soil Science Society of America (SSSA; 1994) 
as “the capacity of a particular kind of soil to function within natural or managed eco- 
system boundaries to sustain plant and animal productivity, maintain or enhance wa- 
ter quality, and support human health and habitation.” The National Research Coun- 
cil (NRC; 1993) has a shorter definition: “Soil quality is the capacity of the soil to 
promote growth of plants, protect watersheds, and prevent air and -water pollution.” 

Despite an outpouring of books and papers focusing.on sustainable soil manage- 
ment, the Soil and Water Conservation Society (Lal 1991) has noted that.there is as 
yet no agreement on how to measure soil quality. Obviously; measurement must in- 
volve multiple indices, including available nutrients; texture; density of organic ag- 
gregates; diversity of microorganisms and soil animals, including mycorthizae. nitro- 
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Limiting and Regulatory Factors 


gen fixers and earthworms; and measures of erosion and rates of leaching. For a re- 
view of approaches, see Karlen et al. (1997). 

Ultimately, the fate of the soil system depends on a society's willingness to inter- 
vene in the marketplace to forgo some short-term benefits so that soils are preserved 
to protect long-term natural capital. The short-term economic costs of soil conserva- 
tion can be greatly reduced by designing more efficient and more harmonious agro- 
ecosystems. The real problem, however, is political and economic, not ecological or 
technical. 


Fire Ecology 


Statement 


Fire is a major factor in shaping the history of vegetation in most of the terrestrial en- 
vironments of the world. As climate pulses between wet and dry periods, so does fire 
in the environment. As with most environmental factors, human beings have greatly 
modified the effect of fire, increasing its influence in many cases and decreasing it in 
others. Failure to recognize that ecosystems may be “fire adapted” has resulted in a 
great deal of mismanagement of our natural resources. Properly used, fire can be an 
ecological tool of great value. It is thus an extremely important limiting factor, if for 
no other reason than that the contro! of fire is far more feasible than the control of 
many other limiting factors. 


Explanation 


Using a series of global satellite images spread over a 12-month period (1992-1993), 


Dwyer et al. (1998) were able to present a global picture of fire. On any given day in 
that year, fires, both natural and human-made, were burning all over the globe. The 
largest number of fires was in Africa, especially in regions of the Savanna (grasslands 
with scattered trees or scattered clumps of trees). Most fires that occurred in January 
were located in equatorial regions and in the South Temperate Zone, whereas in Au- 
gust, there were large numbers of fires located in dry or hot regions of the North Tem- 
perate Zone. Although many fires in remote regions are natural, in that they are ignited 
by lightning, most fires are started by humans, either accidentally or on purpose. 

In most parts of the United States, especially in southern and western states, it is 
difficult to find a sizable area that does not show evidence of fire having occurred 


- there during the last 50 years; witness the great fires that occurred in southern Cali- 


fornia during October 2003. In many areas, fires are started naturally by lightning. 
Early humankind (North American Indians, for example) regularly burned woods 
and prairies for practical reasons. Fire was a factor in natural ecosystems long before 
modem times. Accordingly, it should be considered an important ecological factor 
along with such other factors as temperature, rainfall, and soil. 

‘As an ecological factor, fire can be of different types with different effects. Two ex- 
treme types are shown in Figure 5-9. Crown fires or wildfires (that are very intense and- 
out of control) often destroy most of the vegetation and some soil organic matter, 
whereas surface fires have entirely different effects. Figure 5-9A shows the crown fires 

























5-9. (A) Major crown fire in 
Bione National Park in 1988. 
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in Yellowstone National Park in 1988. Crown fires are limiting to most organisms, 
| after a crown fire, the biotic community must start to develop all over again, more or 
less from scratch, and it may be many years before natural succession restores the 
area to something that resembles the pre-fire condition. Surface fires, on the other 
hand, exert a much more selective effect; they are more limiting to some organisms 
than to others and, thus, favor the development of ecosystems with a high tolerance 
to fire, such as oak forests (McShea and Healy 2002). Figure 5-9B illustrates pre- 
scribed (controlled) burning of longleaf pine (Pinus palustris) at the Joseph W. Jones 
Ecological Research Center at Ichauway in southwest Georgia. The longleaf pine for- 
est at Ichauway is a fire-maintained ecosystem. 

- Light surface fires or prescribed burning supplement bacterial action in breaking 
down the bodies of plants and in making mineral nutrients more quickly available for 
new plant growth. Nitrogen-fixing legumes often thrive after a light burn. In regions 
that are especially subject to fire, regular light surface fires greatly reduce the danger 

of severe crown fires by keeping the combustible litter (fuel) to a minimum. In ex- 
amining regions where fire is a factor, the ecologist usually finds some evidence of the 
past influence of fire. Whether fire should be excluded in the future (assuming that 
is practical) or should be used as a management tool will depend entirely on the type 
of community that is desired or seems best from the standpoint of regional land use. 


Examples 


Several examples taken from well-studied situations illustrate how fire acts as a lim- 
iting factor and how fire is not necessarily “bad” from the human standpoint: 


1. On the Coastal Plain of the southeastern United States, the longleaf pine (Pinus 
palustris) is more resistant to fire than any other tree species, and pines in general 
are more resistant to fire than hardwoods. The terminal bud of seedling longleaf 
pines is well protected by a bunch of long, fire-resistant needles (Fig 5-9C). 
Thus, ground fires selectively favor this species. In the complete absence of fire, 
scrub hardwoods grow rapidly and choke out the longleaf pines. Grasses and 
legumes are also eliminated, and the bobwhite quail and other animals dependent 
on legumes do not thrive in the complete absence of fire in forested lands. Ecolo- 
gists generally agree that the magnificent virgin, open stands of pine of the Coastal 
Plain, and the abundant game associated with them, are part of a fire-controlled 
or “fire climax” ecosystem. A place to observe the long-term effects of the intelli- 
gent use of fire is the Tall Timbers Research Station in northern Florida and the 
adjacent plantations of southwestern Georgia, where for many years, more than 
a million acres have been managed according to principles developed by the late 
Herbert Stoddard, and E. V. Komarek and R. Komarek, who began studying the 
relation of fire to the entire ecological complex in the 1930s. H. L. Stoddard 
(1936) was one of the first to advocate the use of controlled or “prescribed” burn- 
ing for increasing both timber and game production at a time when most profes- 
sional foresters believed that all fire was bad. For years, high densities of both 
quail and wild turkeys have been maintained on land devoted to highly profitable 
timber crops through the use of a system of “spot” burning, aided by a diversifi- 
cation in the land use. 


2. Fire is especially important in grassland and savannas. Under moist conditions 
(as in the tallgrass.prairies of the Midwest), fire favors grass over trees, and un- 
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der dry conditions (as in the southwestern United States and East Africa), fire is 
often necessary to maintain grassland against the invasion of desert shrubs. The 
main growth centers and energy storages of grasses are underground, so they 
sprout quickly and luxuriously after the dry, aboveground parts burn, which also 
releases nutrients to the soil surface. A close coupling of fire and grazing has been 
shown to be the key to maintaining the incredible diversity of antelope and other 
large herbivores and their predators on the East African Savanna. 


3. Perhaps the most studied type of fire ecosystem is the chaparral vegetation of 
coastal California, the Mediterranean region, and other areas with a wet winter 
and dry summer climate. Here, fire interacts with plant-produced antibiotics or 
allelopathics to produce a unique cyclic climax. 


4. The use of fire in game management is exemplified on the British heather moors. 
Extensive experimentation over the years has shown that burning in patches or 
strips of.about 1 hectare each, with about six such patches per square kilometer, 
results in the highest grouse populations and game yields. The grouse, which are 
herbivores that feed on buds, require mature (unburned) heather for nesting and 
protection against enemies, but they find more nutritious food in the regrowth on 
burned patches. This example of a compromise between maturity and youth in an 
ecosystem is very relevant to human beings, and will be discussed in Chapter 8. 


5. The Konza Prairie is a 3487-hectare native grassland prairie located in the Flint 
Hills region of northeastern Kansas. The vegetation of the Konza Prairie is pre- 
dominantly composed of native, perennial, warm-season grasses. Periodic fire 
(Fig. 5-10A) is one of the main natural processes that regulate and sustain this 
ecosystem. Figure 5-10B shows how prescribed burning of an experimental prai- 
rie at the Ecology Research Center at Miami University of Ohio can be established 
and used as a learning tool for classes in ecology and resource management. 


In the summer of 1988, a very dry year, wildfires, mostly started by lightning, 
burned out of control over about one half of Yellowstone National Park (about 
350,000 hectares). To the casual observer, the scorched earth looked totally devas- 
tated, as if no life survived. However, because the fires moved rapidly, killing tem- 
peratures penetrated no more than an inch (2.54 cm) into the ground, so no land was 
made unfit for plant regrowth. The large animals (such as bison and elk) were affected 
very little. They were able to forage more than expected on sugars in the charred de- 
bris—‘“caramel candy” as the rangers referred to it—and on the herbaceous vegeta- 
tion that soon covered the burned areas. As a matter of fact, severe winters in the 
years following the fire had more effect on the herds than did the fire. 

-In the first summer following the-fire, a carpet of fireweed and other herbs-cov- 
ered the burned areas. Fireweed (Epilobium angustifolium), a member of the-evening 
primrose family, is a tall plant with a spire of pinkish purple flowers.. It is normally 
found in openings and disturbed.places in northern forests from coast to coast and, 
true to its name, is one of the first plants to follow forest fires; it can turn the scorched 
earth into a beautiful flower garden! Fireweed also occurs in England where, during 
World War Il, it carpeted the bombed and burned-out areas of London. 

In 1998, ten years after the fires; the original dominant-conifers, lodgepole pine 
and Douglas fir, were emerging from the-herb-shrub layer. Normally, aspen precedes 
conifers in ecological succession in the western mountains, but in Yellowstone the 
succession seems to be going directly to the conifer dominants. Apparently: the-large 
populations of mammalian herbivores are grazing down the aspens: 
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Figure 5-10. (A) Controlled burn- A 
ing of the Konza Prairie, located in the 
Flint Hills region of northeastern Kansas. 
Konza Prairie is dominated by perennial, 
warm-season grasses such as big blue- 
stem, little bluestem, Indian grass, and 
switchgrass. Fire is a natural process 
that helps to regulate and sustain the 
tallgrass prairie. (B) Prescribed burning 
of an experimental prairie at the Ecol- 
ogy Research Center, Miami University 
of Ohio. 





Courtesy of Donald W. Kaufman 
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Courtesy of Gary W. Barrett 


The Yellowstone fires touched off a “firestorm,” as it were, over federal fire policy, 
which since 1972 had been to allow fires to bum unless they threatened people or 
property. The trouble now, in the first decade of the twenty-first century, is that 
people are moving from the cities and building homes in the forest, so massive and 
costly fire-fighting efforts have to be undertaken in the dry years of the normal wet- 
dry climate oscillations. The wildfires burning in southern California during Octo- 
ber 2003, which blackened more than 743,000 acres (297,000 ha) and destroyed 
nearly 3600 homes, illustrate this point. For more information on the Yellowstone 
fires and on the recovery a decade later, see Stone (1998) and Baskin (1999). 

_ As might be expected, plants have evolved special adaptations to fire, just as they 
have for other limiting factors. Fire-dependent and fire-tolerant species can be di- 
vided into two basic types: (1) resprout species that put more energy. into under- 
ground storage organs and less into reproductive structures (inconspicuous flowers, 
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little nectar, few seeds) and, thus, can quickly regenerate after fire has killed exposed 
parts; and (2) mature-die species that do just the opposite, producing abundant, re- 
sistant seeds ready to germinate just after a fire (fireweed, for example). 

The question whether to burn or not to burn can certainly be confusing, as sea- 
sonal timing and intensity are so critical to determining the consequences of burn- 
ing. Human carelessness tends to increase wildfires; therefore, it is necessary to have 
a strong campaign for preventing human-made fires in national forests and recreation 
areas. However, one should recognize that the use of fire as a tool by trained persons 
is part of good land management. Fire is part of the “climate” in many areas, and 
often beneficial. Recommended reviews of the ecology of fire are H. L. Stoddard 
(1950), Kozlowski and Ahlgren (1974), Whelan (1995), Knapp et al. (1998), and 
McShea and Healy (2002). 


Review of Other Physical Limiting Factors 


Statement 


The broad concept of limiting factors is not restricted to physical factors, as bioiogi- 
cal interrelations are just as important in controlling the actual distribution and 
abundance of organisms in nature. However, biological factors will be considered in 
Chapters 6 and 7, dealing with populations and communities. This section concludes 
the brief reviews of the natural, physical, and chemical aspects of the environment. 
‘To present all that is known in this field would require several books—especially in 
physiological ecology or ecophysiology—and is beyond the scope of the present out- 
line of ecological principles. 


Explanation 


Ecophysiology is that part of ecology concerned with the responses of individual 
organisms or species to abiotic factors such as temperature, light, moisture, atmo- 
spheric gases, and other factors in the environment. We focus here on only a few ma- 
jor factors that ecologists need to appreciate in order to understand abiotic and biotic 
relationships at higher levels of biological-ecological organization. 


Temperature 


Compared with the range of thousands of degrees known to occur in the universe, 
life as we know it can exist only within a tiny range of about 300 degrees Celsius-— 
from about —200° to 100° C. Actually, most species and most activities are restricted 
to an even narrower band of temperatures. Some organisms, especially in a resting 
stage, can exist at very low temperatures, whereas a few microorganisms, chiefly bac- 
teria and algae, can live and reproduce in hot springs where the temperature is close 
to the boiling point. The upper temperature tolerance for hot-spring bacteria is about 
80° C for cyanobacteria, compared with 50° C for the most tolerant fish and insects. 
In general, the upper limits are more quickly critical than the lower limits, although 
many organisms appear to function more efficiently toward the upper limits of their 
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range of tolerance. The range of temperature variation tends to be less in water than 
on land, and aquatic organisms generally have narrower ranges of tolerance to tem- 
perature than do land animals. Temperature, therefore, is universally important as a 
limiting factor. 

Temperature is one of the easiest of environmental factors to measure. The 
mercury thermometer, one of the first and most widely used precision scientific in- 
struments, has now been replaced by electrical “sensing” devices, such as platinum 
resistance thermometers, thermocouples, and thermistors, which permit not only 
measurement in “hard-to-get-at” places but also the continuous and automatic re- 
cording of measurements. Furthermore, advances in the technology of radioteleme- 
try now make it feasible to transmit temperature information from the body of a 
lizard deep in its burrow or from a migratory bird flying high in the atmosphere. 

Variability of temperature is extremely important ecologically. A temperature 
fluctuating between 10° C and 20° C and averaging 15° C does not necessarily have 
the same effect on organisms as a constant temperature of 15° C. Organisms that are 
normally subjected to variable temperatures in nature (as in most temperate regions) 
tend to be depressed, inhibited, or slowed down by constant temperatures. For ex- 
ample, Shelford (1929), in a pioneer study, found that eggs and larval or pupal stages 
of the codling moth (Cydia pomonella) developed 7 to 8 percent faster under condi- 
tions of variable temperature than under a constant temperature having the same 
mean. Thus, the stimulating effect of variable temperatures, in the Temperate Zones 
at least, may be accepted as a well-defined ecological principle, especially as the ten- 
dency has been to conduct experimental work in the laboratory under conditions of 
constant temperature. ` 


Light 


Light places organisms on the horns of a dilemma: direct exposure of protoplasm to 
light causes death, yet sunlight is the ultimate source of energy, without which life 
could not exist. Consequently, many of the structural and behavioral characteristics 
of organisms are concerned with solving this problem. In fact, as noted in the dis- 
cussion of the Gaia hypothesis (Chapter 2), the evolution of the biosphere as a whole 
has chiefly involved the “taming” of incoming solar radiation, so that its useful wave- 
lengths could be exploited and dangerous ones mitigated or shielded out. Light, 
therefore, is not only a vital factor but also a limiting one, at both the maximum and 
minimum levels. There is, perhaps, no other factor of greater interest to ecologists 

The total radiation environment, and something of its spectral distribution, was 


considered in Chapter 3, as was the primary role of solar radiation in ecosystem 


energetics. Consequently, this chapter discusses -light waves over a wide range in 
wavelength. Two bands of wavelengths readily penetrate the atmosphere of Earth. the 
visible band, together with some parts of adjacent bands, and the low-frequency radio 
band, having wavelengths greater than 1 cm. Whether the long radio waves are eco- 
logically significant is unknown, although some researchers assert positive effects on 


` migrating birds or other organisms. The roles of ultraviolet (below 3900 A) and in- 


frared light (above 7600 A) were considered in Chapter 3. The role that high-energy, 
very short-wave gamma radiation, and other types of ionizing radiation, may play as 
an ecological limiting factor will be briefly reviewed in the next section. 
Ecologically, the quality (wavelength or color), the intensity (actual energy mea- 
sured in gram-calories), and the duration (length of day) of light are known to be im- 
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portant. Both animals and plants respond to different wavelengths of light. Color vi- 
sion in animals sporadically occurs in different taxonomic groups, apparently being 
well developed in certain species of arthropods, fish, birds, and mammals, but not in 
other species of the same groups (among mammals, for example, color vision is well 
developed only in primates). The rate of photosynthesis varies somewhat with dif- 
ferent wavelengths. In terrestrial ecosystems, the quality of sunlight does not vary 
enough to have an important differential effect on the rate of photosynthesis, but as 
light penetrates water, the reds and blues are filtered out by attenuation, and the re- 
sultant greenish light is poorly absorbed by chlorophyll. The marine red algae (Rho- 
dophyta), however, have supplementary pigments (phycoerythrins) enabling them 
to use this energy and to live at greater depths than would be possible for the green 
algae. 

The intensity of light (the energy input) impinging on the autotrophic layer con- 
trols the entire ecosystem through its influence on primary production. The rela- 
tionship of light intensity to photosynthesis in both terrestrial and aquatic plants fol- 
lows the same general pattern of linear increase up to an optimum or light saturation 
level, followed in many instances by a decrease at the high intensities of full sunlight. 
Plants with the C, type of photosynthesis, however, reach light saturation at high in- 
tensities and are not inhibited by full surilight (see Chapter 2). 

As would be expected, factor compensation occurs; individual plants and com- 
munities adapt to different light intensities by becoming shade adapted (reaching sat- 
uration at low intensities) or sun adapted. Diatoms that live in beach sand or on in- 
tertidal mudflats are remarkable in that they reach a maximum rate of photosynthesis 
when light intensity is less than 5 percent of full sunlight. Yet these diatoms are only 

-slightly inhibited by high intensities. Phytoplankton, in contrast, are shade adapted 
and are very much inhibited by high intensities, which accounts for the fact that peak 
production in the sea usually occurs below rather than right at the surface. 


Ionizing Radiations 


Very high-energy radiations that can remove electrons from atoms and attach them 
to other atoms, thereby producing positive and negative ion pairs, are known.as ion- 
izing radiations. Light and most other solar radiations do not have this ionizing ef- 
fect. It is believed that ionization is the chief cause of radiation injury to life and that 
the damage is proportional to.the number of ion pairs produced in the absorbing ma- 
terial. lonizing radiations are produced by radioactive materials on Earth and are also 
received from space. Isotopes of elements that emit ionizing radiations ate termed 
radionuclides or radioisotopes. 

Ionizing radiation in the environment has been increased appreciably by: human 
efforts to use atomic energy. Nuclear weapons tests have injected radionuclides intc 
the atmosphere that then return to Earth as global fallout. About 10 percent of the 
energy of a nuclear weapon is expended in residual radiation. Nuclear pewer plants 
(and fuel processing and disposal of wastes at other sites), medical research, and 
other peaceful uses of atomic energy produce local “hot spots” and wastes that often 
escape into the environment while being transported or stored. Failure to avoid acci- 
dental releases and to solve the radioactive waste problem are the main reasons why 
atomic energy has.not lived up to its potential as an energy source for human:socie- 
ties. Because of the importance of atomic energy in the future, we will review this 
topic in some detail. 
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magnetic components. The intensity of cosmic rays in the ecosphere is low, but they 
are a major hazard in space travel. Cosmic rays and ionizing radiation from natural 
radioactive sources in soil and water produce what is known as background radia- 
tion, to which the present biota are adapted. In fact, the biota may depend on this 
background radiation for maintaining genetic fluidity. Background radiation varies 
three- to fourfold in various parts of the ecosphere; it is lowest at or below the sur- 
face of the sea and highest at high altitudes on granitic mountains. Cosmic rays in- 

__ crease in intensity with increasing altitude, and granitic rocks have more naturally oc- 
curring radionuclides than do sedimentary rocks. 

A study of radiation phenomena requires two types of measurements: (1) a mea- 
sure of the number of disintegrations occurring in a quantity of radioactive substance; 
and (2) a measure of radiation dose in terms of the energy absorbed that can cause ion- 
ization and damage. The basic unit of the quantity of a radioactive substance is the 
curie (Ci), defined as the amount of material in which 3.7 X 10’° atoms disintegrate 
each second, or 2.2 X 10" disintegrations per minute. The actual weight of material 
making up a curie is very different for a long-lived, slowly decaying isotope compared 
with a rapidly decaying one. Because a curie represents a rather large amount of ra- 
dioactivity from the biological viewpoint, smaller units are widely used: millicurie 
(mCi) = 107? Ci; microcurie (wCi) = 107° Ci; nanocurie (nCi) = 107° Ci; and pico- 
curie (pCi) = 10°! Ci. The curie indicates how many alpha or beta particles or 
gamma rays are emitted from a radioactive source per unit time, but this information 
does not tell us how the radiation might affect organisms in the line of fire. 

Radiation dose, the other important aspect of radiation, has been measured with 
several scales. The most convenient unit for all types of radiation is the rad, which is 
defined as an absorbed dose of 100 ergs (107° joules) of energy per gram of tissue. 
The roentgen (R) is an older unit, which strictly speaking is to be used only for gamma 
and X-rays. Actually, for effects on living organisms, the rad and the roentgen are 
nearly the same. The roentgen or rad is a unit of total dose. The dose rate is the amount 

` received per unit time. Thus, if an organism is receiving 10 mR per hour, the total 
dose in a 24-hour period would be 240 mR per hour, or 0.240 R/h. The time over 
which a given dose is received is a very important consideration. 

In general, the higher, more complex organisms are more easily damaged or killed 
by. ionizing radiation. Human beings are about the most sensitive of all. The com- 
parative sensitivity of three diverse groups of organisms to single doses of gamma ra- 
diation is shown in Figure 5-12. Large, single doses delivered at short time intervals 
(minutes or hours) are known as acute doses, in contrast to chronic doses of sublethal 

` radiation that might be experienced continuously over a whole life cycle. The left 
- ends of the bars in Figure 5-12 indicate levels at which severe effects on reproduction 
(temporary or permanent sterilization, for example) may be expected in the more 
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sensitive species of the group, and the right ends of the bars indicate levels at which 
a large portion (50 percent or more) of the more resistant species would be killed out- 
right. The arrows to the left indicate the lower range of doses that would kill or dam- 
age sensitive life-cycle stages, such as embryos. Thus, a dose of 200 rads will kill 
some insect embryos in the cleavage stage, 5000 rads will sterilize some species of in- 
sects, but 100,000 rads may be required to kill all adult individuals of the more resis- 
tant insect species. In general, mammals are the most sensitive and microorganisms 
the most resistant of organisms. Seed plants and lower vertebrates fall somewhere be- 
tween insects and mammals. Most studies have shown that rapidly dividing cells are 
most sensitive to radiation (which explains why sensitivity decreases with age). Thus, 
any component undergoing rapid growth is likely to be affected by comparatively 
low levels of radiation regardless of taxonomic relationships. The effects of low-level 
chronic doses are more difficult to measure, because e bap tem genetic as well as so- 
matic effects may be involved. 

In higher plants, sensitivity to ionizing radiation has been shown to be directly 
proportional to the size of the cell nucleus or, more specifically, to chromosome vol- 
ume or DNA content. In the field, other considerations, such as the shielding of sen- 
sitive growing or regenerating parts (as when underground), would determine rela- 
tive sensitivity. 

Between 1950 and 1970, the effects of gamma radiation on whole communities 
and ecosystems were studied at several sites. Gamma sources—usually either cobalt- 
60 or cesium-137—of 10,000 Ci or more were placed in fields and in forests located 
at the Brookhaven National Laboratory, Long Island, New York (Woodwell 1962, 
1965), in a tropical rain forest located in Puerto Rico (H. T. Odum and Pigeon 1970), 
and in a desert located in the state.of Nevada (French 1965). The effects of unshielded 
nuclear reactors (which emit neutrons as well as gamma radiation) on fields and for- 
ests have been studied in Georgia (Platt 1965) and at the Oak Ridge National Labo- 


ratory in Tennessee (Witherspoon 1965, 1969). A portable gamma source was used 


to study short-term effects on a wide variety of communities at the Savannah River 
Ecology Laboratory in South Carolina (McCormick and Golley 1966; McCormick 


‘ 1969). Müch has been learned regarding ecosystem structure and function from 


these pioneering studies. 

No higher plant or animal species divi when close to these powerful sources. 
Growth inhibition in plants and a reduced diversity of animal species were noted at 
levels as low as 2 to 5 rads per day. Although resistant forest trees or shrubs (in the 
case of the desert) persisted at rather high dose rates (10 to 40 rads per day), the veg- 
etation was stressed and became vulnerable to insects and disease. In the second year 
of the experiment at Brookhaven National Laboratory, for example, an outbreak of oak 
leaf aphids occurred in the zone receiving about 10 rads per day. In this zone, aphids 
were more than 200 times as abundant as in the normal, unradiated oak forest. 

When radionuclides are released into the environment, they often become dis- 
persed and diluted, but they may also become concentrated in living organisms 
during food-chain transfers, which are categorized under the general heading of bio- 
logical magnification. Radioactive substances may also accumulate in water soils, sed- 
iments, or air if the input exceeds the rate of natural radioactive decay; thus, an ap- 
parently innocuous amount of radioactivity can soon become lethal. 

The ratio of a quantity of radionuclide in the organism to that in the environment: 


-is often called the concentration factor. The chemical behavior.of a radioactive isotope 


is essentially the same as that of the nonradioactive isotope of the same element: 
Therefore, the observed concentration by the organism is not the result of the radio- 











SECTION 6 Review of Other Physical Limiting Factors 205 














? 


Figure 5-13. Concentration of stron- y Mink bone 

(um-90 in various parts of the food web Lee ° 1,000 oe Perch fish 
of a small Canadian lake receiving low- a 5 
-7 Perch bone ; 
el nuclear wastes. Average concen- geet 3.000 : 
ration factors are shown in terms of lake Beaver bone Muskrat bone pi N : 
water = 1 (after Ophel 1963; used by 1,400 3,900 ee A 
permission of Biology and Health Phys- 4 $ : 
ics Division, Atomic Energy of Canada ' Clam tissue l 
imited, Chalk River, Ontario). pe 180 | 
Aquatic plants Plankton 


Bottom sediment «—————= Lake water 
200 1 


activity, but merely demonstrates in a measurable way the difference between the 
density of the element in the environment and in the organism. Thus, radioactive 
iodine-131 (1?!) concentrates in the thyroid just as nonradioactive iodine does. Also, 
some of the synthetic radionuclides become concentrated because of their chemical 
affinity with nutrients that are naturally concentrated by organisms. 

Two examples will illustrate the concentrative tendencies of two of the most 
troublesome, long-lived radionuclides that are by-products of the fission of ura- 
nium (hence called fission products). Strontium-90 (°°Sr) tends to cycle like calcium; 
cesium-137 (!7Cs) behaves like potassium in livingtissues. Concentration factors for 
Sr in various parts of a food web in a lake receiving low-level radioactive wastes are 
diagrammed in Figure 5-13. Because the blood-making bone marrow tissue is espe- 1 
cially sensitive to the beta radiation of *Sr, the 3000- to 4000-fold concentration in 
perch and muskrat bone is significant. In assessing the release of radioactive material 
into the environment, one must determine biological concentrations. 

Concentration factors are likely to be higher in nutrient-poor than in nutrient- 

` rich soils and water. Concentration is also greater in “thin-cover” vegetation, such as 

lichen-covered rocks on the Arctic Tundra. A concern is that the Inuit peoples and 
the Saame of the Lapland region who consume caribou or reindeer meat ingest more 
fallout radionuclides than do those consuming from a grain-beef food chain. 

Table 5-2 shows the concentration of fallout cesium-137 (determined by whole. 
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Table 5-2: Comparison of the concentration of cesium-137 (resulting from fallout) 
i in white-tailed deer in the Coastal Plain and Piedmont regions of 
Georgia and South Carolina 











Cesium-137 (pCi/kg wet weight) 


Number 
Region of deer Mean + standard error* Range 
Lower Coastal Plain 25 l 18,039 + 2359. 2076-54,818 
Piedmont l 25 3007 + 968 250-19,821 





Source: Data from Jenkins and Fendley 1968. 
*Difference between regions highly significant at the p < .01 level of probability. 
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body count) in deer to be much higher on the sandy, low-lying Coastal Plain than in 
the adjacent Piedmont, where soils are well drained and have a high clay content. Be- 
cause average rainfall is the same for both regions, the input of fallout from the at- 
mosphere to the soil is probably also the same. 


Water 


Water, a physiological necessity for all life, is from the ecological viewpoint chiefly a 
limiting factor in land environments and in water environments where the amount 
can fluctuate greatly or where high salinity fosters water loss-from organisms by os- 
mosis. Rainfall, humidity, the evaporating power of the air, and the available supply 
of surface water are the principal factors measured. Each of these aspects is briefly 
described. - 

Rainfall is determined largely by geography and by the pattern of large air move- 
ments or weather systems. As anyone who accesses a weather report knows, weather 
systems within the United States move mainly from west to east. As shown in Fig- 
ure 5-14, moisture-laden winds blowing across the ocean deposit most of their mois- 
ture on the ocean-facing slopes; the resulting rain shadow produces a desert on the 
leeward side of the mountains. In general, the higher the mountains, the greater the 
effect. As the air continues beyond the mountains, some moisture is picked up, and 
rainfall may again increase somewhat. Thus, deserts are usually found “behind” high 
mountain ranges. The distribution of rainfall over the year is an extremely important 
limiting factor for organisms. The situation provided by a 35-inch (89-cm) rainfall 
evenly distributed over time is entirely different from that provided by 35 inches 
(89 cm) of rain that falls largely during a restricted part of the year. In-the latter case, 
plants and animals must be able to survive long droughts (and sudden floods). Rain- 
fall generally tends to be unevenly distributed over the seasons in the Tropics and 
subtropical regions, often resulting in well-defined wet and dry seasons. In the Trop- 
ics, this seasonal rhythm of moisture regulates the seasonal activities (especially re- 
production) of organisms, much as the seasonal rhythm of temperature and light reg- 
ulates organisms living in the Temperate Zones. In temperate climates, rainfall tends 
to be more evenly distributed throughout the year, though with many exceptions. 
The following tabulation gives a rough approximation of the climax biotic commu- 
nities (biomes) that may be expected with different annual amounts of rainfall evenly 
distributed in temperate latitudes: . 


0-25 centimeters (0-10 inches) per year—desert 

25-75 centimeters (10-30 inches) per year—grassland, savanna 
75-125 centimeters (30-50 inches) per year—dry forest 

>125 centimeters (> 50 inches) per year—wet forest. 


Actually, the biotic situation is determined not by rainfall alone. but by the balance 


between rainfall and potential evapotranspiration, which is the loss of water by evap: 
oration from the ecosystem. 

Humidity represents the amount of water vapor in the air. Absolute humidity i is 
the actual amount of water in the air expressed as weight of water per unit of air 
(grams per kilograms of air, for example). As the amount of water vapor that air can 
hold (at saturation) varies with temperature and pressure, relative humidity repre- _ 


` sents the percentage of water vapor actually present compared with the saturation 


density under existing temperature-pressure conditions. In general, relative humid- 
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ity has been the measurement most used in ecological work, although the converse 
of relative humidity, vapor pressure deficit (the difference between the partial pres- 
sure of water vapor at saturation and the actual vapor pressure), is often referred to 
as a measure of moisture relations, because evaporation tends to be proportional to 
vapor pressure deficit rather than to relative humidity. 

Because of the daily rhythm of humidity in nature (high at night, low during the 
day, for example), as well as vertical and horizontal differences, humidity, along with 
temperature and light, helps regulate the activities of organisms and limit their dis- 
tribution. Humidity is especially important in modifying the effects of temperature, 

i as will be noted in one of the following sections., 

The evaporative power of the air is ecologically important, especially for land 
plants. Animals may often regulate their activities to avoid dehydration by moving to 
protected places or becoming active at night; plants, however, cannot move. Between 
97 and 99 percent of the water that enters plants from the soil is lost by evaporation 

from the leaves. This evaporation, called evapotranspiration, is a unique feature of 
= the energetics of terrestrial ecosystems. When water and nutrients are nonlimiting, 
: the growth of land plants is closely proportional to the total energy supply at the 
ground surface. As most of the energy is heat, and as the fraction providing latent 
: heat for transpiration is nearly constant, growth is also proportional to transpiration. 
3 ` Despite the many biological and physical complications, total evapotranspiration 
3 . is broadly correlated with the rate of productivity. For example, Rosenzweig (1968) 
: found that evapotranspiration was a highly significant predictor of the annual above- 
ground net primary production (P,) in mature or climax terrestrial communities of 
all kinds (deserts, tundras, grasslands, and forests); however, the relationship was not 
reliable in unstable or developmental (nonclimax) vegetation. The poor correlation 
between assimilated energy and P, in developmental communities is logical, because 
such communities have not yet reached equilibrium conditions with their energy and 

~-" water environment. 
The ratio of net primary production to the amount of water transpired is termed 
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transpiration efficiency and is usually expressed as grams of dry matter produced 
per 1000 grams of water transpired. Most species of agricultural crops—and a wide 
range of noncultivated species—have a transpiration efficiency of 2 or less (that is, 
500 grams or more of water are lost for every gram of dry matter produced). Drought- 
resistant crops, such as sorghum (Sorghum bicolor) and millet (Panicum ramosum), 
have transpiration efficiencies of up to 4. Strangely enough, desert plants can do little, 
if any, better. Their unique adaptation involves not the ability to grow without tran- 
spiration, but the ability to become dormant when water is not available (instead of 
wilting and dying, as would be the case in non—desert plants). Desert plants that lose 
their leaves and expose only green buds or stems during dry periods do show a high 
transpiration efficiency. Cacti that employ the CAM type of photosynthesis reduce 
water loss by keeping their stomata closed during the day (see Chapter 2). 

The available surface water supply is, of course, related to the rainfall in the area, 
but there are often great discrepancies due to the nature of the substrate on which the 
rain falls.. The sandhills of North Carolina are frequently referred to as “deserts in the 
rain,” because the abundant rain in the region sinks so quickly through the porous 
soil that plants, especially herbaceous ones, find very little water available in the sur- ES 
face layer. The plants and small animals of such areas resemble those of much dryer > 
regions. Other soils in the western plains of the United States retain water so tena- < 
ciously that crops can be raised without a single drop of rain falling during the grow- 
ing season (the plants can use the water stored from winter rains). 

Artificial impoundment of streams (reservoirs) has helped increase the availabil- 

` ity of local water supplies, as well as providing recreation and hydroelectric power. 
However, these mechanical engineering devices, useful though they often are, should 
never be regarded as substitutes for sound agricultural and forestry land-use prac- 
tices, which trap the water at or near its sources for maximum usefulness. The eco- 
logical viewpoint—water as a cyclic commodity in the whole ecosystem—is very 
important. People who think that all floods, erosion, and water-use problems can be 
solved by building dams, or other mechanical strategies such as channelization, need : 
to acquire an understanding of hydrology and landscape ecology. The Mississippi = 
River, for example, has a long history of flooding and attempts to control this pro- 
cess. Despite millions spent on flood control in constructing dikes and dams and 
other attempts to “tame” the Mississippi River, the cost of flood damage has in- 
creased. The more the river is constricted by dikes and levees and the more the water- 
shed is urbanized, the higher the water rises and the worse the flood is when water 
does break through or rise over the barriers. 

From 1930 to 2000, there has been a dramatic loss of wetlands in the Mississippi 
Delta of Louisiana, with estimates as high as 100 km?/year, or a total of 4000 km? 
during this period. According to J. W. Day et al. (2000), canals and dikes designed to. 
expedite the river flow into the Gulf of Mexico as fast as possible have reduced the 
sediments necessary to maintain the Delta wetlands. For a well documented account: 
of the downside of attempts to control the Mississippi River, see Belt (1975), Sparks- 
et al. (1998), and Jackson and Jackson (2002). 

Dew may contribute appreciably and, in areas of low precipitation, vitally to the 
water supply. Dew and ground fog are especially important in coastal-forests and in 

F deserts. Fog on the West Coast may account for as much as two to three times more 
water than the annual precipitation. Tall trees, such as the coastal redwood-tree (Se- 
quoia sempervirens), intercept coastal fog as it moves inland and may collect as: mach 

~ as 150 cm of “rainfall” dripping down from the limbs. 
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Figure 5-15. Groundwater re- 
sources of the United States of Amer- 
ica. About half of the country is underlain 
by aquifers capable of yielding very large 
volumes of water. Aquifers in the mid- 
` continent and western regions, which 
are poorly recharged, are being “over- 
drawn" or “mined” in many areas where 
withdrawals are the source of irrigation 
water (courtesy of U.S. Water Re- 
sources Council). 





Groundwater 


For humankind, groundwater is one of the most important resources, because we do 
have access in many regions to a great deal more water than falls as rain. Cities and 
` irrigated agriculture located in deserts and other dry regions are made possible by 
this access to groundwater. Unfortunately, much of this underground water was 
stored in past ages and is either not being replenished at all or is being replenished at 
a slower rate than it is being pumped out. Arid-region groundwater, like oil, is a non- 
renewable resource. 
Groundwater provides 25 percent of the freshwater used for all purposes in the 
United States, and about 50 percent of the drinking water. Irrigation water use in the 
United States has increased steadily from 1965 to 1980, because irrigation water use 
is dependent on factors such as precipitation, water availability, energy costs, farm 
commodity prices, application technologies, and conservation practices. The total 
amount of water used for irrigation actually decreased from 1980 to 1995, even 
though the total irrigated area remained consistent at about 23.5 million ha (Pierzyn- 
skiet al. 2000). These data suggest that factors such as conservation practices, reduced 
energy usage, and appropriate technologies can significantly reduce the amount of 
4 groundwater use for irrigation. As with other abundant natural capital, groundwater 
7 l tended to be taken for granted and was studied very little until signs of its depletion 
; and pollution showed plainly that limiting factors were involved. 

The largest stores of groundwater are in aquifers, porous underground strata, of- 
ten composed of limestone, sand, or gravel, bounded by impervious rock or clay that 
holds the water in like a giant pipe or elongated tank. Water enters where the per- 
meable strata are close to the surface or otherwise intersect the surface water table; 
water may leave the aquifer by way of springs or other discharges at or near the sur- 
face. Where aquifers slope seaward from higher-ground recharge areas, the water in 
the deeper aquifer is under pressure and will rise above the surface like a fountain 
when a well is drilled into it (the so-called artesian well). The geographical distribu- 

` tion of aquifers and other substantial stores of groundwater is mapped in Figure 5-15. 

The annual input (rain and snowbelt recharge) and output (water returned to the 
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Figure 5-16. Regional distribution of 
water problems in the United States, 
Puerto Rico, and the Virgin Islands. 
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hydrologic cycle of rivers, oceans, and the atmosphere) for this huge reservoir are es- 
timated to be about 1 part in 120 parts of the total volume. Although withdrawals to- 
tal only about one tenth of the recharge volume, some of the most heavily used aqui- 
ji ; fers are located in regions of low or no recharge. For example, about one fourth of all 
aquifer withdrawals are overdrafts (exceeding recharge), mostly in agricultural re- 
‘ gions of the West. An example is the Ogallala aquifer of the high plains of Texas, 
$ Kansas, Oklahoma, Nebraska, and eastern Colorado, where irrigated grain produc- 
tion provides an important part of the export market that the United States counts on 
to balance its payments for imported oil. Fossil water and fossil fuel (to pump the wa- 
ter) support a billion-dollar economy in this region. It is predicted that within the 
; next couple decades, this aquifer will, for all practical purposes, be “pumped out” 
(Opie 1993). The fossil water will be gone before the fossil fuel is exhausted, but the 
latter becomes useless without water. Then, the region will be faced with severe eco- 
nomic depression and depopulation, and the nation will have to find some other 
place to grow grain—unless, of course, it is judged feasible to build an aqueduct 
from the Mississippi River system! For more information on groundwater, see the Na- 
tional Geographic Special Edition (1993). 
Depletion is not the only threat to groundwater. Contamination with toxic chem- 
icals may be an even greater threat. At least the problem of toxic wastes does have 
technological solutions, if societies are willing and able to pay the cost to protect a 
water resource that in the long run is more precious than oil or gold. In fact, one 
could argue for the proposition that usable freshwater is potentially a greater limit- 
, ing factor for civilization than is energy. Water problems vary with the region but, as- 
shown in Figure 5-16, no region is without a water problem of some sort: Because 
water is frequently viewed as a nonmarket commodity, public opinion and political. 
intervention are important to prevent both wasteful allocation and complete -deple- 
tion of this resource. More important, however, is extending the market economy to 
include water. If we pay more for water, we will waste and pollute less water. There 
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is no question that quality freshwater is becoming a severe limiting factor for humans 
on a global scale (see Postel 1992, 1993, 1999; Gleick 2000 for details). 


Temperature and Moisture Acting Together 


Based on the ecosystem concept, we have avoided creating the impression that envi- 
ronmental factors operate independently of one another. This chapter attempts to 
show that the consideration of individual factors is a means of approaching complex 
ecological problems, but it is not the ultimate objective of ecological study, which is 
to evaluate the relative importance of various factors as they operate together in ac- 
tual ecosystems. Temperature and moisture are generally so important and so closely 
interacting in terrestrial environments that they are usually conceded to be the most 
important aspect of climate. 

The interaction of temperature and moisture—as with the interaction of most 
factors—depends on the relative as well as the absolute values of each factor. Thus, 
temperature exerts a more severe limiting effect on organisms when there is either 
abundant or very little moisture than when there are moderate conditions. Likewise, 
moisture is critical at extremes of temperature. Ina sense, this is another aspect of the 
principle of factor interaction. For example, the boll weevil (Anthonomus grandis) can 
tolerate higher temperatures when the humidity is low or moderate than when it is 
very high. Hot, dry weather in the cotton belt is a signal for the cotton farmers to look 
for an increase in the weevil population. Hot, humid weather is less favorable for the 
weevil but, unfortunately, not so good for the cotton plant. 

Large bodies of water greatly moderate land climates because ef the high latent 
heat of evaporation and melting characteristics of water, which is to say that many 
heat calories are required to melt ice and evaporate water. In fact, there are two ba- 
sic types of climate: (1) the continental climates, characterized by extremes of temper- 


ature and moisture; and (2) the marine climates, characterized by less extreme tem- 


perature and moisture fluctuations because of the moderating effect of large bodies 
of water (large lakes thus produce local marine climates). 

Early classifications of climate were based largely on quantitative measures of 
temperature and moisture, taking into consideration the effectiveness of precipitation 
and temperature as determined by seasonal distribution and mean values. The rela- 
tionship between precipitation and potential evapotranspiration (which depends on 
temperature) provides a particularly accuraté picture of climates. The period of soil 
moisture use represents the principal period of primary production for the ecosystem 
as a whole and, thus, determines the supply of food available to the consumers and 
decomposers for the entire annual cycle. In the Deciduous Forest biome, water is 
likely to be.severely limiting only in late summer, more so in the southern than in the 
northern portion: of the biome. Native vegetation is adapted to withstand periodic 
summer droughts, but some agricultural crops grown in the region are not. After bit- 
ter experiences with many late summer crop failures, farmers in the southern United 
States are beginning to provide for irrigation in the late summer. 

Climographs, or charts in which one major climatic factor is plotted against an- 
other, are a useful method of graphically representing temperature and moisture in 
combination. In temperature-rainfall charts, meari monthly values are plotted with 
the temperature-scale on the vertical axis and either humidity or rainfall on the hor- 
izontal axis. The resulting polygon shows the temperature-moisture conditions and 
makes possible the graphic comparison of one year with another, or the comparison 
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of the climate of one biotic region with that of another. Climographs have been use- 
ful in determining the suitability of temperature-moisture combinations for proposed 
introductions of agricultural plants or game animals. Plots of other pairs of factors, 
such as temperature and salinity in marine environments, may also be instructive. 

Environmental chambers provide another useful approach to the study of combi- 
nations of physical factors. They vary from simple temperature-humidity cabinets to 
large controlled greenhouses or phytotrons, in which any desired combination of tem- 
perature, moisture, and light can be maintained. These chambers are often designed 
to control environmental conditions so that the investigator can study the genetics, 
physiology, and ecology of cultivated or domesticated species. These chambers can 
be especially useful for ecological studies when natural rhythms of temperature and 
humidity can be simulated. Experiments of this sort help single out factors that may 
be operationally significant, but they can reveal only part of the story, as many sig- 
nificant aspects of the ecosystem cannot be duplicated indoors (in microcosms) but 
must be experimented with outdoors (in mesocosms). Phytotrons have been used in 
recent years to determine the effect of increasing CO, due to human activities on 
plants (see next section). Biosphere-2, described in Chapter 2, is the largest “green- 
house” designed to support humans. 


Atmospheric Gases 


The atmosphere in the major part of the ecosphere is remarkably homeostatic. Inter- 

esting enough, the present concentrations of carbon dioxide (0.03 percent by vol- 

ume) and oxygen (21 percent by volume) are somewhat limiting to many higher 

plants. It is well known that photosynthesis in many C; plants can be increased by 

moderately increasing the CO, concentration, but it is not so. well known that de- 

creasing the oxygen concentration experimentally can also increase photosynthesis. 

Beans, for example, increase their rate of photosynthesis by as much as 50 percent 5 
when the oxygen concentration around their leaves is lowered to 5 percent. C, plants k. 
are not inhibited by high O, concentration. Thus, C, grasses, including corn and 
sugarcane, do not show oxygen inhibition. Thé:reason for inhibition in C, broad- 
leaved plants may be that they evolved when the:CO, concentration was higher and 
the O, concentration lower than they are now. 

The situation in aquatic environments differs from that in the atmospheric envi- 
ronment because the amounts of oxygen, carbon dioxide, and other atmospheric gases 
k dissolved in water and thus available to organisms vary greatly from time to time and 
; from place to place. Oxygen is a prime limiting factor, especially in lakes and in wa- 
ters with a heavy load of organic material. Although oxygen is more soluble in water 
than is nitrogen, the actual quantity of oxygen that water can hold under the most fa- 
vorable conditions is much less than that constantly present in the atmosphere. Thus, 
f if 21 percent by volume ofa liter of air is oxygen, there will be 210 cm? of oxygen per 
: liter. By contrast, the amount of oxygen per liter of water does not exceed 10 cm’. 
Temperature and dissolved salts greatly affect the ability of water to hold oxygen; the 
solubility of oxygen is increased by low temperatures and decreased by high salini- 
ties. The oxygen supply in water comes chiefly from two sources: (1) by diffusion 
from the air; and (2) from photosynthesis by aquatic plants. Oxygen diffuses into wa- 
; À ter very slowly, unless-helped along by wind and water movements; light penetration 
| is an all-important factor in the photosynthetic production of oxygen. Therefore, im- 
portant daily, seasonal, and spatial variations may be expected in the oxygen con- 
centration of aquatic environments. . 
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Carbon dioxide, like oxygen, may be present in water in highly variable amounts. 
It is difficult to make general statements about the role of carbon dioxide as a limit- 
ing factor in aquatic systems. Although present in low concentrations in the air, car- 
bon dioxide is extremely soluble in water, which also obtains large supplies from res- 
piration, decay, and soil. Thus, the minimum CO, concentration is less likely to be 
important than is the case with oxygen. Furthermore, unlike oxygen, carbon dioxide 
chemically combines with water to form H)CO; (carbonic acid), which in turn reacts 
with available limestones to form carbonates (CO3) and bicarbonates (HCO;). A ma- 


"jor reservoir pool of biospheric CO, is the carbonate system of the oceans. Carbon- 


ate compounds not only provide a source of nutrients, but they also act as buffers, 
helping to keep the hydrogen ion concentration (pH) of aquatic environments near 
the neutral point. Moderate increases in CO, in water seem to speed up photosyn- 
thesis and the developmental processes of many organisms. CO, enrichment, along 
with increased nitrogen and phosphorus, may help to explain cultural eutrophica- 
tion. High CO, concentrations may be limiting to animals, especially because such 
high concentrations of carbon dioxide are associated with low concentrations of oxy- 
gen. Fishes respond vigorously to high CO, concentrations and may be killed if the 
water is too heavily charged with unbound CO). 

Hydrogen ion concentration, or pH, is closely related to the carbon dioxide cycle 
and has been much studied in natural aquatic environments. Unless pH values are 
extreme, communities compensate for differences in pH (by mechanisms already de- 
scribed in this chapter) and show a wide tolerance for the naturally occurring range. 
However, when the total alkalinity is constant, pH change is proportional to CO, 
change and, therefore, is a useful indicator of the rate of total community metabolism 
(photosynthesis and respiration). Soils and waters of low (acidic) pH are frequently 
deficient in nutrients and low in productivity. 


Macronutrients and Micronutrients 


About half of the 92 elements in the periodic table have now been shown to be es- 
sential tc either plants or animals or, in most cases, both. As already indicated, ni- 
trogen and phosphorus salts are of major importance, and the ecologist may do well 
to consider these first as a matter of routine (see Chapter 4 for details regarding N/P 
ratios). 

Potassium, calcium, sulfur, and magnesium merit consideration after nitrogen 
and phosphorus. Mollusks and vertebrates need skeleta! calcium in especially large 
quantities, and magnesium is a necessary constituent of chlorophyli, without which 
no ecosystem could operate. Elements and their compounds needed in relatively 
large amounts are known as macronutrients. 

In recent years, great interest has developed in the study of elements and their 
compounds that are necessary for the operation of living systems but that are re- 
quired only in extremely minute quantities, often as components of vital enzymes. 
These elements are generally termed trace elements or micronutrients. Because mi- 
nute requirements seem to be associated with an equal or even greater minuteness in 
environmental occurrence, these micronutrients are frequently important as limiting 
factors. The development of modern methods of microchemistry, spectrography, 
X-ray diffraction, and biological assay has greatly increased our ability to measure 
even the smallest amounts of micronutrients. Also, the availability of radioisotopes 
for many trace elements has greatly stimulated experimental studies. Deficiency dis- 
eases due to the absence of trace elements have been known to exist for a long time. 
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Pathological symptoms have been observed in laboratory, domestic, and wild plants 
and animals. Under natural conditions, deficiency symptoms of this sort are some- 
times associated with peculiar geological histories and sometimes with a deteriorated 
environment of some sort— often a direct result of poor habitat or landscape man- 
agement by humans. An example of a peculiar geological history is found in south- 
ern Florida. The potentially productive organic soils of this region did not meet ex- 
pectations for crops and cattle, until it was discovered that this sedimentary region 
lacked copper and cobalt, which are present in most other areas. 

Ten micronutrients are especially important to plants: iron (Fe), manganese (Mn), 
copper (Cu), zinc (Zn), boron (B), silicon (Si), molybdenum (Mo), chlorine (C), 
vanadium (V), and cobalt (Co). These elements can be arranged by function into 
three groups: (1) those required for photosynthesis: Mn, Fe, Cl, Zn, V; (2) those re- 
quired for nitrogen metabolism: Mo, B, Co, Fe; and (3) those required for other meta- 
bolic functions: Mn, B, Co, Cu, Si. All these elements, except boron, are essential for 
animals, which also may require selenium (Se), chromium (Cr), nickel (Ni), fluorine 
(F), iodine (J), tin (Sn), and perhaps even arsenic (As, Mertz 1981). Of course, the 
dividing line between macro- and micronutrients is neither sharp nor the same for all 
groups of organisms; sodium and chlorine, for example, are needed in larger 
amounts by vertebrates than by plants. Sodium (Na), in fact, is often added to the 
preceding list as a micronutrient for plants. Many micronutrients resemble vitamins 
because they act as catalysts. The trace metals often combine with organic com- 
pounds to form metallo-activators; cobalt, for example, is a vital constituent of vita- 
min B,,. Goldman (1960) documented a case in which molybdenum was limiting to 
a whole ecosystem when he found that the addition of 100 parts per billion Mo to the 
water of a mountain lake increased the rate of photosynthesis. He also found that in 
this particular lake, the concentration of cobalt was high enough to be inhibitory to 
the phytoplankton. As with macronutrients, too much of a micronutrient can be as 
5 limiting as too little. For an analysis of the pattern of trace elements in a whole water- 
a shed, see Riedel et al. (2000). 


Wind and Flooding 


The atmospheric and hydrospheric media in which organisms live are seldom com- 
pletely still for any period of time. Currents in water not only greatly influence the 
concentration of gases and nutrients, but they act directly both as limiting factors at 
the species level and as energy subsidies that increase productivity at the ecosystem 
level. Thus, the differences between the species composition of a stream and that of a 
small pond community are related to the large difference in wind and water currents 
Many stream plants and animals are morphologically and physiologically adapted to 
maintaining their position in the current and are known to have very definite limits - 
of tolerance to this specific factor. On the other hand, water flow that acts assan en- 
ergy subsidy is a key to the productivity of wetland and tidal ecosystems. 

On land, wind exerts a limiting effect on the activities, behavior, and even the:dis- 
tribution of organisms. Birds, for example, remain quiet in protected places on windy. 
: my: days—days on which it is difficult for the ecologist to attempt a bird census. Plants 
i may be modified structurally by the wind, especially when other factors are also dim- 
4 TEE iting, as in alpine regions. Figure’5-17 shows the tree line in-Rocky: Mountain Na- 
‘tional Park, where trees are exposed to extreme wind conditions. Years age, White- 

head (1957) demonstrated experimentally that wind limits the growth*of plants m 
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Figure 5-17. Tree line in Rocky Mountain National Park, 
Colorado, showing how wind affects tree morphology and 


physiology. 


Courtesy of Terry L. Barrett 





exposed locations on mountains. When he erected a wall to protect the vegetation 
from wind, the height of the plants increased. 

On the other hand, air movement can enhance productivity in the same manner 
as water flow, as is apparently the case for certain tropical rain forests. Storms are im- 
portant, even though they may be only local. Hurricanes transport animals and plants 
for great distances, and when these storms strike land, the winds may change the 
composition of the forest communities for many years to come. Oliver and Stephens 
(1977) reported that the effects in New England forests of two hurricanes that oc- 
curred before 1803 could still be seen in the structure of the vegetation. It has been 
observed that insects spread faster in the direction of the prevailing winds than in 
4 other directions to areas that seem to offer equal opportunity for the establishment 
d of the species. In dry regions, wind is an especially important limiting factor for 
3 plants, because it increases the rate of water loss by transpiration, but desert plants 
have developed many special adaptations, such as sunken stomata, to tolerate these 
limitations. . 











7 Biological Magnification of Toxic Substances 


Statement 


The distribution of energy, of course, is not the only quality influenced by food chain 
phenomena. Some substances become concentrated instead of dispersed with each 
link in the food chain. Food chain concentration, or biological magnification, is dra- 
matically illustrated by the behavior of certain persistent radionuclides, pesticides, 
and heavy metals. 
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Explanation 


The tendency for certain radionuclide by-products of atomic fission and activation to 
become increasingly concentrated with each step in the food chain was first discov- 
ered at the Atomic Energy Commission’s Hanford plant in eastern Washington in the 
1950s. Radioactive cesium, strontium, and phosphorus released into the Columbia 
River were found to have become concentrated in the tissues of fish and birds. A con- 
centration factor (amount in tissue /amount in water) of 2 million times was reported 

- for radioactive phosphorus in the eggs of geese nesting on the islands in the river. 
Thus, what was considered harmless when released into the water became highly 
toxic to the downstream components of the food chain. 

Rachel Carson, in her famous book Silent Spring (R. Carson 1962), called atten- 
tion to the harmful effects and persistence (remaining active for long periods of time) 
of chlorinated hydrocarbon insecticides, especially DDT, and their detrimental effects 
as a biocide on populations, communities, ecosystems, and total landscapes due to 
the widespread aerial application of these compounds. An example of the buildup of 
DDT is shown in Table 5-3 and Figure 5-18. To control mosquitoes on Long Island, 
New York, municipalities sprayed DDT on the marshes for many years. Insect con- 
trol specialists tried to use spray concentrations that were not directly lethal to fish 
and other wildlife, but they failed to recognize the negative effect on ecological pro- 
cesses and the long-term toxicity of DDT residues. Instead of being washed out to 
sea, as some had predicted, the poisonous residues adsorbed on detritus, became 
concentrated in the tissues of detritus feeders and small fishes, and increasingly con- 
centrated in the top predators, such as fish-eating birds. The concentration factor (ra- 
tio of ppm in organism to ppm in water) is about 500,000 times for fish-eaters in the 





Table 5-3 An example of food chain concentration 
of a persistent pesticide, DDT 





Trophic level ; DDT residues. (ppm*) 
‘Water 0.00005 
Plankton , 0.04 
Silverside minnow 0.23 
Sheephead minnow 0.94 
Pickerel (predatory fish) 1.33 
Needlefish (predatory fish) 2.07 
Heron (feeds on small animals) 3.57 
Tern (feeds on small animals) 3.91 
Herring gull (scavenger) 6.00 
Osprey (egg) l 13.8 
Merganser (fish-eating duck) 22.8 
Cormorant (feeds on larger fish) 26.4 


Source: Data from Woodwell et al. 1967. 


*Parts per million (ppm) of total residues, DOT + DDD + DDE (all of 
which are toxic), on a wet-weight, whole-organism basis. 
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Figure 5-18. Biological magnification of DDT in an estuary located on the East Coast of the - 
United States (data from Woodwell et al. 1967). 


case shown in Table 5-3. With hindsight, a study of the detritus food chain model 
would indicate that anything adsorbing readily on detritus and soil particles and dis- 
solved in guts would become concentrated by the ingestion-reingestion process at the 
beginning of the detritus food chain.. i : 

The magnification is compounded in fish and birds by the tendency for DDT to 
accumulate in body fat. The widespread use of DDT ultimately wiped out whole pop- 
ulations of predatory birds, such as osprey, peregrine falcons, and pelicans, and de- 
tritus feeders such as fiddler crabs. Birds are especially vulnerable to DDT poisoning 
because DDT (and other chlorinated hydrocarbon insecticides) interferes with the 
formation of eggshells by causing a breakdown in steroid hormones (Peakall 1967; 
Hickey and Anderson 1968). These fragile eggs then break before the young can 
hatch. Thus, very small amounts that are not lethal to the individual can be lethal to 
the population. Scientific documentation of this sort of frightening buildup (fright- 
ening because humans are also partly “top carnivores”) and its unanticipated physi- 
ological effects finally marshalled public opinion against the use of DDT and similar 
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Figure 5-19. Diagram depicting heavy metal concentrations (mg/kg) in representative 
trophic level species of an old-field ecosystem during the tenth consecutive year of sewage 
sludge application. (From Levine, M. B., A. T. Hali, G. W. Barrett, and D. H. Taylor. 1989. Heavy 
metal concentrations during ten years of sludge treatment to an old-field community. Journal of 
Environmental Quality 18 :411~418. Reprinted with permission.) 


pesticides. DDT was banned in the United States in 1972. Dieldrin, another persis- 
tent chlorinated hydrocarbon, was banned in 1975. Both have also been outlawed in 
Europe, but unfortunately they are still being manufactured for export to countries 
where their use is legal. Fortunately, many of the bird populations (bald eagles, fal- 
cons, pélicans, ospreys) decimated by chlorinated hydrocarbon pesticides have re- 
covered as the use of these more persistent pesticides has been reduced or eliminated. 
— Certain heavy metals, such as cadmium (Cd) and lead (Pb), which are frequently 
abundant in municipal sludge due to industrial processing in an urban area or water- 
shed, may also become biologically magnified in the food chain. In a long-term in- 
vestigation it, volving soils and three trophic levels in an old-field community treated 
for 11 consecutive years with sewage sludge, it was determined that the detritivore 
trophic level bioconcentrated heavy metals more than the producer or primary con- 
sumer trophic levels (Fig. 5-19). As illustrated, earthworms (Lumbricus) concentrated 
cadmium more than 30 times over concentration levels found in the soil; more than 
60 times over levels found in plants (Poa), and more than. 100 times over levels in the 
kidneys of meadow voles (Microtus) during the tenth year of sewage sludge applica- 
tion (see W. P. Carson and Barrett 1988; Levine et al. 1989; Breweret al; 1994 for de- 
tails). These investigators recommended that earthworms, as a representative or indi- 
cator species of detritivores, be used for monitoring the effects of sludge disposal on 
terrestrial communities and landscapes during secondary succession. 
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8 Anthropogenic Stress as a Limiting Factor 
for Industrial Societies 


Statement 


Natural ecosystems exhibit considerable resistance, resilience, or both to periodic se- 
vere or acute disturbance, probably because through evolutionary time they have nat- 
urally adapted to it. Many organisms, in fact, require stochastic (random) or periodic 
disturbances, such as fire or storms, for long-term persistence, as noted in the dis- 
cussion of fire-adapted vegetation (Section 5). Accordingly, ecosystems may recover 
rather well from many periodic anthropogenic disturbances, such as harvest removal. 
Chronic (persistent or continued) disturbance, however, may have pronounced and 
prolonged effects, especially in the case of industrial chemicals that are new to the en- 
vironment. In such cases, organisms have no evolutionary history of adaptation. Un- 
less the increasing volume of highly toxic wastes, which are the current by-product 
of high-energy, industrialized societies, is reduced and ultimately eliminated at the 
source, toxic wastes will increasingly threaten both human and ecosystem health and 
be a major limiting factor for humankind. 
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Explanation 


Although any classification is somewhat arbitrary, it may be instructive to consider 
anthropogenic stress on ecosystems under two categories: (1) acute stress, character- 
ized by sudden onset, sharp rise in intensity, and short duration; and (2) chronic 
stress, involving long duration or frequent recurrence but not high intensity—a 
“constantly vexing” disturbance. Natural ecosystems exhibit considerable ability to 
deal with or recover from acute stress. Figure 5-20 depicts an example of an acute 
stress. An acute dose of municipal sludge input into a stream ecosystem resulted in a 
fish kill, because bacterial decomposition caused the stream’s oxygen content to ap- 
proach zero. Once the sewage treatment plant whose breakdown had caused the 
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Figure 5-20. Fish kill in Four Mile 
Creek near Oxford, Ohio, resulting from 
an acute input of municipal sludge into 
the stream ecosystem. 






Courtesy of Gary W. Barrett 
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acute stress was repaired, the stream initiated its recovery process. Another example 
of recovery following acute stress is the buried seed strategy, a quick recovery mecha- 
nism that facilitates forest regrowth after clear-cutting (Marks 1974). The effects of. 
chronic stress are more difficult to assess, because responses will not be so dramatic. 
It may be years before the full effects are known, just as it took many years to under- 
stand the link between cancer and smoking or the relationship between cancer and 
chronic low-level ionizing radiation. Environmental “cancer” (disorderly growth of 
exotic species at population or community levels) appears to provide an analogous 
situation regarding ecological systems. . 

Of special concern to human health are industrial wastes containing potential 
stressors that are new chemical creations and, hence, are environmental factors to 
which living organisms and ecosystems have not had a period of evolutionary history 
for adaptation or accommodation. Chronic exposure to such anthropogenic factors 
can be expected to result in basic changes inthe structure and function of biotic com- 
munities, as acclimation and genetic adaptation occur. During the transition or ad- 
aptation period, organisms may be especially vulnerable to secondary factors, such 
as disease, that can have catastrophic results. 

The increasing volume of toxic waste that affects human health—either because 
of direct contact or through contamination of food and drinking water—is ap- 
proaching crisis proportions. In an issue of Time magazine (1980) under the heading 
“The Poisoning of America,” the situation was reviewed as follows: 


Of all humankind’s interventions in the natural order, none is accelerating quite 
so alarmingly as the creation of chemical compounds. Through their genius, 
modern alchemists brew as many as 1000 new concoctions each year in the 
Unitéd States alone. At last count, nearly 50,000 chemicals were on the market. 
Many have been an undeniable boon to humankind—but almost 35,000 of 
these used in the United States are classified by the federal EPA as being either 
definitely or potentially hazardous to human health. 


One of the greatest dangers and potential disasters is the contamination of 
groundwater in the deep aquifers that provide a large percentage of the water for cit- 
ies, industry, and agriculture. Unlike surface water, groundwater is almost impos- 
sible to purify once it has become polluted, because it is not exposed to sunlight, 
strong flow, or any of the other natural purification processes that cleanse surface wa- 
ter. Already, cities in the industrial heartlands can no longer use local groundwater 


for drinking because of contamination; they must pipe in water at great expense (see 


National Geographic Special Edition 1993, “Water: The Power, Promise, and Tur- 
moil of North America’s Fresh Water” for details). 
The handling of toxic wastes before 1980 was considered a business “externality” 


- not worthy of serious attention. The unwanted material was just dumped some- 


where, until several local disasters came to public attention. The Love Canal disaster 
in New York, where a residential area built on top of a waste dump had to be-aban- 
doned, received wide press coverage, as did the Kepone that poisoned a large section 
of the James River in Virginia (as well as workers in the plant that-made-the insecti- 
cide). When the plant closed, the river recovered, but some of the. workers did not. 
These and other incidents aroused public concern and government action. However; 
despite the millions of dollars of Environmental Protection Agency (EPA) Super Fund . 
monies spent on attempts to clean up some of the worst toxic waste dumps, this goal 
remains elusive. 
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The clear solution to the toxic waste problem is source reduction—that is, elimi- 
nating thé waste at its source by recycling, detoxification, and seeking less toxic ma- 
terials in manufacturing (E. P. Odum 1989, 1997). Source reduction can be accom- 
plished by a combination of regulation and incentives. 


Examples 


It is beyond the scope of this book to discuss or even to list all of the toxic emissions 
that are potentially limiting to human society. We will be content to comment very 
briefly on three examples where an ecological problem-solving approach seems es- 
pecially helpful. 


Air Pollution 


Air pollution provides the negative feedback signal that may well save industrialized 
society from extinction because (1) it provides a clear danger signal that is easily per- 
ceived by everyone; and (2) almost everyone contributes to it (by driving a car, using 
electricity, buying a product, and so on) and suffers from it, so it cannot be blamed 
on a convenient villain or hidden in some remote landfill. A holistic solution must 
evolve, because piecemeal attempts to deal with any one pollutant (the one problem- 
one solution approach) is not only ineffective but usually just shifts the problem from 
one place or environment to another. 

Air pollution also provides an example of an augmentative synergism, in that com- 
binations of pollutants react in the environment to produce additional pollution, 
which greatly aggravates the original problem (in other words, the total effect is 
greater than the sum of the individual effects). For example, two components of au- 
tomobile exhaust combine in the presence of sunlight to produce new and even more 
toxic substances, known as photochemical smog: 


Ultraviolet radiation 
in sunlight 


nitrogen oxides + hydrocarbons ————*—> peroxyacetylnitrate (PAN) + ozone (O3) 


Both secondary substances not only cause eye watering and respiratory distress 
in humans, but they also are extremely toxic to plants. Ozone increases the respira- 
tion of leaves, killing the plant by depleting its food. Peroxyacétylnitrate blocks the 
“Hill reaction” in photosynthesis, killing the plant by shutting down food production. 
The tender varieties of cultivated plants become early victims, so that certain types 
of agriculture and horticulture are no longer possible near large cities. Other photo- 
chemical pollutants that go under the general heading of polynuclear aromatic hy- 
drocarbons (PAH) are known carcinogens. 


Thermal Pollution 


Thermal pollution is becoming a commonplace example of chronic stress, because 
low-utility heat is a by-product of any conversion of energy from one form to an- 
other, as dictated by the second law of thermodynamics. Power plants and other large 
energy converters release great quantities of heat to both air and water, with nuclear 
power plants requiring especially large volumes of cooling water. Consequently, a 
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Limiting and Regulatory Factors 


significant amount of water surface is required to disperse heat, something on the. 
order of 1.5 acres/megawatt in a temperate locality, or 4500 acres (1822 ha) for a 
3000-megawatt power station. l 

The use of powered cooling devices, such as cooling towers, can reduce the space 
and water volume needed, of course, but at a considerable cost, because expensive 
fuels replace solar energy.. Also, cooling towers can cause other environmental im- 
pacts if chlorine or other chemicals are used to keep their surfaces free of algae. 

In general, the effects of increasing the water temperatute in ponds, lakes, or 
streams follows the subsidy-stress gradient (discussed in Chapter 3) in that both pos- 
itive and negative responses result. Moderate increases often act as subsidies, in that 
productivity of the aquatic community and growth of fish may be increased, but in 
time, or with increasing heat loading, stress effects begin to enter the picture. 

The National Environmental Research Park (NERP) located at the Department of 
Energy Savannah River Plant is a place to observe the long-term effects of thermal 
pollution. The Savannah River Ecology Laboratory (SREL) located on the site has fo- 
cused on the study of thermal effects since the establishment of nuclear energy facil- 
ities there in the 1950s and has sponsored two large symposia that combine work and 
ideas from other study sites (Gibbons and Sharitz 1974; Esch and McFarlane 1975). 
A large artificial lake constructed as a cooling pond is especially interesting because 
it has a “warm” arm (receiving heated water) and a “cool” arm that receives no heated 
water and is at ambient temperature (normal for the region). Furthermore, as the re- 
actors are periodically turned off and on, one can observe the effect from one tem- 
perature state to the other. Turtles and bass, for example, grow faster and achieve 
larger sizes when the water temperature is elevated a few degrees, and the active sea- 
son for alligators is prolonged into the winter months. Thus, the first observed effects 
were generally subsidies. However, after a few years, definite stress effects began to 
appear, such as debilitating diseases that shorten the life span and increase mortality. 
The percentage of bass infected with red-sore disease rises and falls with the seasons, 
but it is consistently higher in the thermally enriched zones of the lake. Also, after 
10 years or more of elevated temperatures, there is evidence of genetic change in pop- 
ulations of fish and also in cattails (Typha) that grow along the shore of the warm arm 
of the lake. For a brief review of all these studies, see Gibbons and Sharitz (1981). 
These illustrations emphasize the importance of looking for secondary or delayed re- 
sponses when assessing the effect of a chronic anthropogenic perturbation. 


Pesticides 


Increasingly heavy applications of insecticides and other pesticides in agriculture 
have resulted in the contamination of soil and water. This threat to the-health of eco- 
‘systems and of humans may soon be reduced for the simple reason that the exclusive 
dependence on chemical poisons fails to achieve long-term control, but rather pre- 
duces booms and busts in crop yields. Alternative systems of pest control have been: 
developed that may soon reduce the need for massive applications of what are, in re- 
ality, very dangerous poisons.. 

- Paradoxically, the resilience and adaptability of nature is the root cause of the fail- 
ure of broad-spectrum insecticides like the organochlorines (such as DDT) and the 
organophosphates (such as malathion). All too often, pests develop immunity or be- 
come even more abundant after the pesticide has been dissipated or detoxified, be- 
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cause their natural enemies were destroyed by the treatment. Also, a pest species that 
is successfully exterminated is sometimes replaced by other species that are more re- 
sistant, less well known, and, therefore, even more difficult to deal with. Í 
Efforts to control insect pests of cotton provide a clear example of the boom-and- 
bust syndrome. Cotton was one of the crops most heavily treated with insecticides; 
prior to 1970, as much as 50 percent of all insecticide used in U.S. agriculture was 
sprayed on cotton. In the 1950s, massive aerial spraying of chlorinated hydrocarbons 
in the Canete Valley of Peru, made possible by foreign aid funds from the United 
States, resulted in a doubling of the yield for about six years. Then followed, how- 
ever, a complete crop failure, as pests became resistant and other species of insects 
moved in. The same thing happened in the 1960s in the state of Texas—a major cot- 
ton-growing state—as documented in detail by Adkisson et al. (1982). In both cases, 
yields were restored by the adoption of what is now known as integrated pest manage- 
ment (IPM) or ecologically based pest management (EBPM; NRC 1996a, 1996b, 2000b), 
which involves cultural and management practices that discourage pests, promotion 
of parasites and predators of insect pests and weeds (biological controls), and bio- 
engineering of crop plants to produce their own insecticides, combined with the ju- 
dicious use of less toxic, short-lived pesticides. 
The-new control system confirms an age-old, common-sense wisdom that it 
never pays to put all your eggs in one basket. The diversity and resilience of nature 
must be met with diverse technological innovations that must be continually updated. 
as conditions change and nature reacts. In other words, the “war” with pests and dis- 
ease probably can never actually be “won,” but involves a continuous effort that is one 
r of the costs of the “pumping owt of disorder” necessary to maintain a large and com- 
plex civilization. E. P. Odum and Barrett (2000) have reviewed some of the landscape- : 
E level management practices such as overfertilization and monoculture vulnerability 
a to pest invasion; mitigating these influences would be helpful in the ecological con- 
trol of insect pests. 
In the 1960s, there was considerable optimism for what Carroll Williams (1967) 
called the “third generation of pesticides.” The first generation, according to the Wil- 
liams classification, were the botanical pesticides and inorganic salts; the second gen- 
eration were the broad-spectrum chlorinated hydrocarbons and organophosphates. 
The third generation are the biochemical pesticides—hormones and pheromones 
(sexual attractants) that direct behavior and are species-specific—which add to the 
arsenal available for integrative pest management. For the most part, worldwide, in- 
dustrial agriculture continues to depend too much on the second generation. For i 
a review of the prospects for ecologically based pest management in the twenty- | 
first century, see the 1996 National Research Council Report “Ecologically Based Pest 
Management: New Solutions for a New Century.” 
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i n Chapters 3 through 5, the physical and chemical forces that act as primary torc- 
ing functions were discussed. Organisms do not just passively adapt to these 
forces but actively modify, change, and regulate the physical environment within the 
limits imposed by the natural laws that determine the transformation of energy and 
the cycling of materials. In other words, human beings are not the only population 
that modifies and attempts to control the environment. Referring back to the levels- 
of-organization chart (Figs. 1-2 and 1-3), we see that this chapter and the next one fo- 
cus on the respective biotic levels of populations and communities. Interaction at these 
levels between genetic systems and physical systems affects the course of natural se- 
lection and, thereby, determines not only how individual organisms survive but also 
how ecosystems as a whole change over evolutionary time. 


Properties of the Population 


Statement 


A population is defined as any group of organisms of the same species occupying a 
particular space and functioning as part of a biotic community, which, in tum, is 
defined as an assemblage of populations that function as an integrative unit through 
coevolved metabolic transformations in a prescribed area of physical habitat. A pop- 
ulation has, various properties, which, although best expressed as statistical variables, 
are the unique possession of the group and are not characteristic of the individuals in 
the group. Some of these properties are density, natality (birth rate), mortality death 
rate), age distribution, biotic potential, dispersion, and r- and K-selected growth 
forms. Populations also possess genetic characteristics that are directly related to their 
ecology, namely, adaptiveness, reproductive success, and persistence (the probabil- 
ity of leaving descendants over long periods of time) 


Explanation 


As pioneer population ecologist Thomas Park well expressed (in Allee et al. 1949), a 
population’has characteristics or biological attributes that it shares with its component 
organisms, and it also has characteristics or group attributes unique to the group or 
species. Among the biological attributes of population is life history (the population 
grows, differentiates, and maintains itself as the organism does). Also, the population 
has a definite structure and function that can be described By contrast, group attri- 
butes, such as birth rate, death rate, age ratio, genetic fitness, and growth form apply 
only to the population. Thus, an individual is born, dies, and ages, but it does not 
have a birth rate, a death rate, or an age ratio. These latter attributes arc meaningful 
only at the population level. 
Definitions and brief resumés of basic population attributes follow. 


Indices of Density 


Population density is the size of a population in relation to a definite unit of space. 
It is generally expressed as the number of individuals or the population biomass per 
unit area or volume—for example, 200 trees per hectare (1 hectare = 2.47] acres) 
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or five million diatoms per cubic meter of water. Sometimes, it 1s important to dis- 
tinguish between crude density, the number (or biomass) per unit of total space, and 
ecological density, the number (or biomass) per unit of habitat space (available area 
or volume that can actually be colonized by the population) Often, it is more im- 
portant. to know whether a population is changing (increasing or decreasing) than to 
know its size at any one moment. In such cases, indices of relative abundance are 
useful; these may be time-relative, as, for example, the number:of birds seen per hour. 
Another useful index is the frequency of occurrence, as, for example, the percent- 
age of sample plots occupied by a species. In descriptive studies of vegetation, den- 
sity, dominance, and frequency are often combined to provide ar: importance value 
for each species. 





Density, Biomass, and Trophic Relationships 


Figure 6-1 illustrates how densities encountered in populations of mammals are 
telated to trophic level and to the size-of individual animals. Although the density 

` of mammals as a class may range over nearly five orders of magnitude, the range 
for any given species or trophic group is much less. The lower the trophic level, 
the higher the density, and within a given level, the larger the individuals, the larger 
the biomass. As large organisms have lower rates of metabolism per unit weight 
than small organisms, a larger population biomass can be maintained on a given en- 
ergy base. 

When the size and metabolic rate of individuals in the population are relatively 
uniform, density expressed in terms of the number of individuals is quite satisfactory 
as a measure, but most often that is not the case. The relative merits of numbers, bio- 
mass, and energy flow parameters as indices were discussed in Chapter 3. Recall that 
numbers overemphasize the importance of small organisms, and biomass overem- 

- phasizes the importance of large organisms. Energy flow provides a more suitable in- 
dex for comparing any and all populations in an ecosystem. 

Many special measures and terms apply only to specific populations or groups of 
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density (biomass per hectare) of various 
species of mammals as reported for the 
preferred habitat of the species. Spe- 
cies are arranged according to trophic 
levels and according to individual size 
within the four trophic levels to illustrate 
the limits imposed by trophic level posi- 
tion and individual size of the organism 
_ onthe expected standing crop. — 
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populations. Forest ecologists, for example, often use “basal area” (total cross-section 
area of tree trunks) as a measure of tree density. Foresters, however, prefer “board feet 
per acre” as a measure of the commercially usable part of the tree. These, and many 
others, are density measures as the concept has been broadly defined, because they 
all express in some manner the size of the standing crop per unit area. 

As might be imagined, relative abundance indices are widely used with popula- 
tions of larger animals and terrestrial plants, where it is imperative that a measure ap- 
plicable to large areas be obtained without excessive expenditure of time and money, 
For example, administrators charged with establishing annual hunting regulations 
for migratory waterfowl must know whether the populations are smaller than, larger 
than, or the samé as in the previous year if they are to adjust the hunting regulations 
to the best interest of both the birds and the hunters. To do this, these officials must 
rely on relative abundance indices obtained from field checks, hunter surveys, ques- 
tionnaires, and nesting censuses. Such information is often summarized in terms of 
the number observed or killed per unit time. Percentage indices are widely used in 
the study of vegetation, and specially defined terms have come into general use. For 
example, frequency equals the percentage of sample plots in which the species occurs, 
abundance equals the percentage of individuals in a sample, and cover equals the per- 
centage of ground surface covered as determined by the projection of areal parts. One 
should be careful not to confuse these indices with true density measures, which are 
always in terms of a definite amount of space. 


Methods for Estimating Population Densities 


The Lincoln index is a common mark-recapture method used to estimate the total 
population density (the number of organisms of a species) in a defined area. This 
method relies on capturing and marking some fraction of the total population and 
using this fraction to estimate the total population density. 

The following equation is used to obtain this population estimate: 


Number of animals captured 


Population estimate (x) ___ in sample S, at time t 
Number of animals captured and Number of marked animals ` 
marked in sample S, at time t) found in sample S, at time t, 


Because we know (for example, by live trapping and marking captured small mam- 
mals) three of the four components of this equation, we can estimate the fourth com- 
ponent (the population estimate, x) of the equation. 

The validity of this method depends on the following assumptions: 


e that the marking technique has no negative effect on the mortality of marked 
individuals; l l 

e that the marked individuals are released at the original site of capture and allowed 
to mix with the population based on natural behavior; 

e that the marking technique does not affect the probability of being recaptured; 


° that the marks (such as ear tags) are not lost or overlooked; 


e that there is no significant immigration or emigration of marked or unmarked in- 
dividuals in the interval between t, and ty; and 


e that there is no significant mortality or natality in the interval between t and t). 
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Violation of these assumptions would obviously affect the estimate of population 
; density. 
l The minimum known alive (MKA) method is another mark-recapture method 
l used to estimate population densities over an extended period of time. This method 
was originally published as the calendar-of-catches method (Petrusewicz and Andrze- 
jewski 1962) using a capture history (calendar) kept for each individual, followed by 
a period of intensive removal to “update the calendar” on termination of the study. 

Other methods fall into several broad categories: 


1. Total counts are sometimes possible with large or conspicuous organisms (for 
example, bison on open plains or whales in an area of the sea) or with organisms 
that aggregate into large breeding colonies. 


2. Quadrat or transect sampling involves counting organisms of a single species 
in plots or transects of appropriate size and number to get an estimate of the 
density in the area sampled. This method is applicable to a wide variety of ter- 
restrial and aquatic species in environments ranging from forests to the bottom 
of the sea. 


3. Removal sampling, in which the number of organisms removed from an area in 
successive samples is plotted on the y-axis of a graph, whereas the total number 
previously removed is plotted on the x-axis. If the probability of capture remains 
reasonably constant, the points will fall on a straight line that can be extended to 
the point on the x-axis that would indicate the theoretical 100 percent removal 
from the area (the population density estimate). 


4. Plotless methods (applicable to sessile organisms such as trees). The point- 
quarter method is based on a series of randofn points; the distance to the near- 
est individual is measured in each of four quarters at each point along this se- 
ries of random points. The density per unit area can be estimated from the mean 
distance. 


5. An importance percentage value is the sum of relative density, relative domi- 

nance, and relative frequency of a species in a community. Relative density, A, 

equals the density for a species divided by the total density for all species X 100. 

Relative dominance, B, equals the basal area for a species divided by the total 

basal area for all species X 100. Relative frequency, C, is the frequency (occur- 

rence) for a species in a plot divided by the total frequency for all species X 100. 

‘Thus, the importance value for each species equals the sum of relative density, 

telative dominance, and relative frequency: A + B + C. Combining density with 

dominance and frequency of occurrence provides a better index than density 

; alone regarding the importance or function of a species in its habitat. A table-or 

summary of importance values for each tree species (trees greater than 3 inches 

diameter at breast height) provides a rank one for a particular tree: species 
within a forest community. 





Many techniques and methodologies for estimating population density have been 
tried; and sampling methodology is an important field of research in itself. Methods are 
learned effectively by consulting field manuals or by consulting with an experienced 
investigator who has reviewed the literature and then modified and improved exist- 
ing methods to fit a specific field situation. There is no substitute for experience when 
it comes to a field census. 
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Natality 


Natality is the ability of a population to increase by reproduction. Natality is equiv- 
alent to the birth rate in the terminology of human population study (demography). 
In fact, it is a broader term covering the production of new individuals of any organ- 
ism, whether such new individuals are born, are hatched, germinate, or arise by di- 
vision. Maximum (sometimes called absolute or physiological) natality is the theoret- 
ical maximum production of new individuals under ideal conditions (no ecological 
limiting factors, reproduction being limited only by physiological factors) and is a 
constant for a given population: Ecological or realized natality refers to population 
increase under an actual or specific environmental field condition. It is not a constant 
for a population but may vary with the size and age composition of the population 
and with the physical environmental conditions. Natality is generally expressed as a 
rate determined by dividing the number of new individuals produced by a specific 
unit of time (the absolute or crude natality rate) or by dividing the number of new in- 
dividuals per unit time by a unit of population (the specific natality rate). ` 

The difference between crude and specific natality or birth rate can be illustrated 
as follows: Suppose a population of 50 protozoa in a pool increases by division to 150 
in one hour. The crude natality is 100 per hour, and the specific natality (average rate 
of change per unit population) is 2 per hour per individual (of the original 50). Or 
suppose there were 400 births in one year in a town of 10,000; the crude birth rate 
is 400 per year, and the specific birth rate is 0.04 per capita (4 per 100, or 4 percent). 
In human demography, it is customary to express specific birth rates in terms of the 
number of women of reproductive age rather than in terms of total population. Other 
considerations that affect natality will be discussed in subsequent sections. 


Mortality 


Mortality quantifies death of individuals in the population. It is more or less the an- 
tithesis of natality. Mortality is equivalent to death rate in human demography. Like 
natality, mortality may be expressed as the number of individuals dying in a given pe- 
riod (deaths per unit time), or as a specific rate in terms of units of the total popula- 
tion or any part thereof. Ecological or realized mortality—the loss of individuals 
under a given environmental condition—is, like ecological natality, not a constant 
but varies with population and environmental conditions. A theoretical minimum 
mortality—constant for a population—represents the minimum loss under ideal or 
nonlimiting conditions. Even under the best conditions, individuals would die of old 
age determined by their physiological longevity, which, of course, is often far greater 
than the average ecological longevity. Often, the survival rate is of greater interest than 
the death rate. If the death rate is expressed as a fraction, M, then the survival rate 
is 1 — M. . l 

Because mortality varies greatly with age, as does natality, especially in the higher 
organisms, specific mortalities at as many different stages of life history as possible are 
of great interest, because they enable ecologists to determine the forces underlying 
the crude, overall population mortality. A complete picture of mortality in a popula- 
tion is illustrated systematically by the life table, a statistical device developed by stu- 
dents of human populations. Raymond Pearl first introduced the life table into gen- 
eral biology when he applied it to data obtained from laboratory studies of the fruit 
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Table 6-1 Life table for the Dall mountain sheep (Ovis dalli) 
x* x? d,* : 13 1000 q,** e*t 
0-1 —100 199 1000 199.0 7.1 
1-2 -85.9 12 801 15.0 7.7 
2-3 ~718 13 789 f 16.5 6.8 








3-4 -57.7 12 776 15.5 5.9 
4-5 -43.5 30 764 39.3 5.0 
5-6 -29.5 46 734 62.6 4.2 
6-7 -15.4 48 688 69.9 3.4 
7-8 -1.1 69 640 108.0 2.6 
8-9 +13.0 132 571 231.0 1.9 
9-10 +27.0 187 439 426.0 1.3 
10-11 +41.0 156 252 619:0 0.9 
11-12 +55.0 90 96 937.0 0.6 
12-13 +69.0 3 6 500.0 1.2 
13-14 +84.0 3 3 1000 0.7 


Source: From Deevey 1947; data from Murie 1944, based on known age at death of 608 sheep dying - 
before 1937 (both sexes combined). Mean life span = 7.06 years. 
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t Age as percentage deviation from mean life span. 

*Number dying in age interval out of 1000 born. 

SNumber surviving at beginning of age interval out of 1000 bom 

** Mortality per 1000 alive at beginning of age interval 

*Life expectancy = mean time remaining to attaining age interval (years) 


fly, Drosophila (Pearl and Parker 1921). Deevey (1947, 1956) assembled data for the 
construction of life tables for several natural populations, ranging from rotifers to 
mountain sheep. Since Deevey, numerous life tables have been published for various 
natural and experimental populations. The life table for an Alaskan population of 
Dall mountain sheep (Ovis dalli), perhaps the most famous life table present in most 
textbooks, is displayed in Table 6-1. The age of the sheep was determined from the 
horns (the older the sheep, the more bony rings). When a sheep is killed by a wolf or 
dies for any other reason, its horns remain preserved for a long period. For several 
years, Adolph Murie studied the relation between wolves (Canis lupus) and mountain 
sheep living in Mount McKinley National Park, Alaska. He collected many horns, 
thus providing exhaustive data on the age at which sheep die in an environment sub- 
ject to all the natural hazards, including wolf predation (but not including predation 
by humans, as sheep were not hunted in Mount McKinley National Park). 

The life table consists of several columns, headed by standard notations; giving 
l, the number of individuals out of a given population (1000 or any other conve- 
nient number) that survive after regular time intervals (day, month, year, and:so on, 
given in column x); d,, the number dying during successive time intervals; q,, the 
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death rate or mortality during successive intervals (in terms of the initial population 
at the beginning of the period); and e,, the life expectancy at the end of each inter- 
val. As shown in Table 6-1, the average age of Dall mountain sheep was more than 
7 years, and ifa sheep survived the first year or so, its chances of survival were good 
until relatively old age, despite the abundance of wolves and the other vicissitudes of 
the environment. 
Curves plotted from life table data may be very instructive. When the data from 
column I, are plotted with the time interval on the horizontal axis and the number of 
survivors (usually in logarithmic farm) on the vertical axis, the resulting curve is 
called a survivorship curve. Figure 6-2 is a survivorship curve for the data tabulated 
in Table 6-1 for Dall mountain sheep. 
Survivorship curves are of three general types, as shown in Figure 6-3. A highly 
convex curve (Fig. 6-2; Type I in Fig. 6-3) is characteristic of species, such as the 
Dall mountain sheep, in which the population death rate is low until near the end - 
of the life span. Many species of large animals and, of course, humans exhibit this 
Type I curve of survivorship. At the other extreme, a highly concave curve (Type II 
in Fig. 6-3) results when mortality is high during the young stages. Oysters, other 
shellfish, and oak trees provide examples of the Type III survivorship curve; mortal- 
ity is extremely high during the free-swimming larval stage or the acorn-seedling 
stage, but once an individual is well established on a favorable substrate, life ex- 
pectancy improves considerably. A “stair-step” type of survivorship curve may be ex- 
pected if survival differs greatly in successive stages of life history, as is often the case 
in holometabolous insects (insects with complete metamorphosis, such as butter- 
flies). Probably no population in the natural world has a constant age-specific sur- E 
vival rate throughout the whole life span, but a slightly concave curve, approaching A 
a diagonal straight line on a semilog plot (Type Il in Fig. 6-3), is characteristic of 
many birds, mice, rabbits, and deer. In these cases, the mortality is high in the young 
but lower and more nearly constant in the adult (1 year or older). : 
The shape of the survivorship curve is often related to the degree of parental care if 
or other protection given to the young. Thus, survivorship curves for honeybees and 
robins (which protect their young) are much less concave than are those for grass- 
hoppers or sardines (which do not protect their young). The latter ' species, of course, 





Figure 6-2. Survivorship curve for the data tabulated in 
Table 6-1 for Dall mountain sheep (data from Deevey 1947). 1,000- M a-a-a-a.. 
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compensate by laying many more eggs (ratio of maximum to realized natality is high, 
as noted in the previous section). 
The shape of the survivorship curve very often also varies with the density of the 


To prepare the way for mathematical models of population growth to be consid- 
ered in subsequent sections, it is instructive to add age-specific natality (offspring per 
reproductive female per unit time; m,) to the life table, so that it is not just a “death” 
table. 





Figure 6-3, Types of Survivorship curves. Type | curves rep- 
resent organisms with a high mortality toward the end of the 1000 
life span, Type III curves high mortality near the beginning of the 
life span, and Type li curves uniform mortality throughout life. 
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gure 6-4. Survivorship curves for two stable mule deer 

Odocoileus hemionus) populations living in the Chaparral of 1000 
jalifomia. The high-density population {about 64 deer per 

B km?) is in a managed area where an open shrub and her- 

aceous cover is maintained by controlled burning; thus pro- 500 
ding a greater quantity of browse in the form of new growth. 

e low-density population (about 27 deer per 2.6 km?) is in 

unmanaged area of old bushes unburned for 10 years (af- 

r Taber and Dasmann 1957). 
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If 1, and m, are multiplied and the sum of the values is obtained for the different a | 
age classes, a net reproductive rate, R, is calculated. Thus: 


R= Dilem, 

Under stable conditions in nature, R, in terms of the total population should be 
around 1. For example, the calculated R, value for a sowbug population in a grass- 
land was 1.02, indicating an approximate balance between births and deaths. 

The reproductive schedule greatly influences population growth and other pop- 
ulation attributes. Natural selection can effect various kinds of change in the life his- 
tory that will result in adaptive schedules. Thus, selection pressure may change the 
time when reproduction begins without affecting the total number of offspring pro- 
duced, or it may affect production or clutch size without changing the timing of the 
reproduction. These and many other aspects of reproduction can be revealed by life 
table analyses. 
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Population Age Distribution 

Age distribution, an important attribute of populations, influences both natality and 
mortality, as shown by the examples discussed in the preceding section. The ratio of 
the various age groups in a population determines the current reproductive status 
of the population and indicates what may be expected in the future. Usually, a rap- 
idly expanding population will contain a large proportion of young individuals; a 
pulsing, stable population will show a more even distribution of age classes; and a 
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Figure 6-5. Age pyramids. (A) Three types of age pyra- 
mids, representing a large, moderate, and small percentage 
of young individuals in the population. (B) Age pyramids for 
laboratory populations of the vole (Microtus agrestis), when 
expanding at an exponential rate in an unlimited environment 
(left) and when birth rates and death rates are equal (right). 
(data from Leslie and Ranson 1940). 
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Figure 6-6. Population age pyramis for different human populations (data from Population 


Reference Bureau). 
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declining population will have a large proportion of old individuals, as illustrated by 
the age pyramids in Figures 6-5 and 6-6. A population may pass through changes in 
age structure without changing in size. There is evidence that populations have a 
“normal” or stable age distribution toward which actual age distributions are tend- 
ing, as first proposed by Lotka (1925) on theoretical grounds. Once a stable age dis- 
tribution is achieved, unusual increases in natality or mortality result in temporary 
changes, with spontaneous return to the stable situation. As nations go from pioneer 
conditions of rapidly expanding densities to mature conditions of stable populations, 
the percentage of individuals in younger age classes decreases, as shown in Figure 6-6. 
This changing age structure, with an increasing percentage of older individuals, has 
profound impacts on lifestyles and economic considerations, such as the costs of 
health care and social security benefits. . 

The pyramids in Figure 6-6 are based on births and deaths within the population 
and do not include immigration into countries, which is increasing in Europe and the 
United States of America. This situation resembles the importance of the ecosystem 
approach that includes inputs and outputs, as outlined in Chapter 2. 

In simplistic form, age structure can be expressed in terms of three ecological 
ages: prereproductiye, reproductive, and postreproductive. The relative duration of these 
ages in proportion to the life span varies greatly with different organisms. For hu- 
mans in recent times, the three ages are relatively equal in length, about a third of a 
human life falling in each class. Early humans, by comparison, had a much shorter 
postreproductive period. Many animals, notably insects, have extremely long pre- 
reproductive periods, a very short reproductive period, and no postreproductive pe- 
riod. Certain species of mayflies (Ephemeridae) and the 17-year cicada (Magicicada 
spp.) are classic examples. Mayflies require from one to several years to develop in 
the larval stage in the water, and adults emerge to live for only a few days. Cicada 
nymphs have an extremely long developmental history (typically 13 and 17 years; 
Rodenhouse et al. 1997), with adult life lasting less than a single season. . 

In game birds and fur-bearing mammals, the ratio of first-year animals to older an- 
imals, determined during the season of harvest (fall or winter) by examining samples 
from the population taken by hunters or trappers, provides an index to the popula- 
tion trends. In general, a high ratio of juveniles to adults, as shown in the lower dia- 
gram (B) of Figure 6-5, indicates a highly successful breeding season and the like- 
lihood of a larger population the next year, provided that juvenile mortality is not 
excessive. 

A phenomenon known as the dominant age class has been repeatedly observed 
in fish populations that have a very high potential natality rate. When a large year 
class occurs because of unusually high survival of eggs and larval fish, reproduction 
is suppressed for the next several years. Hjort’s early data on herring in the North Sea 
provided the classic case, as shown in Figure 6-7 (Hjort 1926). Fish of the 1904 year 
class dominated the catch fom 1909 (when this age class was five years old and large 
enough to be caught effectively in commercial fish nets) until 1918 (when, at 14 years 
of age, they still outnumbered fish of younger age groups). The situation produced 
sémething of a cycle or pulse in total catch, which was high in 1909 and then de- 
clined in subsequent years, as the dominant age class declined before there was re- 
placement from other classes. Fishery biologists continue to conduct research re- 
capitulating what environmental conditions, such as El Niño, result in the unusual 
survival occurririg every now and then. 
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Figure 6-7. Age distribution in the commercial catch of 
herring in the North Sea between 1907 and 1919, illustrating 
the dominant age class phenomenon. The 1904 year class 
was very large and dominated the population for many years. 
Because fish younger than five years are not caught in the 
nets, the 1904 class did not show up until 1909. Age of the 
fish was determined by growth rings on scales, which are laid 
down annually in the same manner as growth rings on trees 
{after Hjort.1926). : 
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2 Basic Concepts of Rate 


Statement 
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A population is a changing entity. Even when the community and the ecosystem are 


seemingly unchanging, density, natality, survivorship, age structure, growth rate, and 


other attributes of component populations are usually in flux as species constantly 
adjust to seasons, to physical forces, and to one another. The study of changes in the 
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relative number of organisms in populations and the factors explaining these changes 
is termed population dynamics. Accordingly, ecologists are often more interested in 
how and at what rate the population is changing than in its absolute size and compo- 
sition at any one moment. Calculus, the branch of mathematics dealing (in part) with 
the study of rates, thus becomes an important tool in studying population ecology. 


Explanation 


A rate may be obtained by dividing the change in some quantity by the period of time 
elapsed during the change; such a rate term would indicate the rapidity with which 
something changes with time. Thus, the number of kilometers traveled by a car per 
hour is the speed rate, and the number of births per year is the birth rate. The per 
means “divided by.” Remember that, as discussed previously (Chapter 3), productiv- 
ity is a rate, not a standing state, such as standing crop biomass. 

Customarily, the change in something is abbreviated by writing the symbol A 
(delta) in front of the letter representing the entity changing. Thus, if N represents the 
number of organisms and t represents the time, then 


AN = the change in the number of organisms. 


AN _ the average rate of change in the number of organisms per (divided by, 
At _ with respect to) time. 


This is the growth rate of the population. 


` the average rate of change in the number of organisms per time per 
AN _ organism (the growth rate divided by the number of organisms initially 
NAt present or, alternatively, by the average number of organisms during 
the period of time). 


This is often termed the specific growth rate and is useful when populations of differ- 
ent sizes are to be compared. If multiplied by 100 (AN/(NAt) X 100), it becomes the 
percentage growth rate. l 

Often, we are interested not only in the average rate over a period of time, but 
also in the theoretical instantaneous rate at particular times (that is, the rate of change 
when At approaches zero). In the language of calculus, the letter d (for derivative) re- 
places the A when instantaneous rates are being considered. In this case, the preced- 
ing notations become: ; 


dN _ the rate of change in the number of organisms per time at a particular 

dt instant; 
dN _ the rate of change in the number of organisms per time per individual at 
Ndt a particular instant. 


Figure 6-8 shows the difference between a growth curve and a growth rate curve. 
As will be discussed further in Section 4, S-shaped growth curves and humpbacked 
growth rate curves are often characteristic of populations in pioneer or early growth 
stages. 

On the growth curve, the slope (straight line tangent) at any point is the growth rate. 
- Thus, in the cqse of the hypothetical population in Figure 6-8, the growth rate was at 
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Figure 6-8. (A) population growth curve, and (B) rate of increase growth curve for the same 
hypothetical population during the same interval of time. Curve A depicts population density 
(number of individuals per unit area) against time, whereas curve B illustrates rate of change 
(number of individuals added per unit time) against time for the same population. 


a maximum at approximately 8 weeks and fell to zero after 16 weeks. That point 
where the growth rate is maximum is termed the point of inflection. The AN/At no- 
tation serves to illustrate the model for the usual purposes of measurement, but the 
dN/dt notation must be substituted in most types of actual mathematical models. 
The instantaneous rate, dN/dt, cannot be measured directly, nor can dN/(Ndt) be 
calculated directly from population counts. The rate can be approximated, of course, 
by taking censuses at very short intervals, connecting these points with lines, and 
then determining what kind of equation most closely mimics the actual growth 
curve. The type of population growth curve exhibited by the population would have | 
to be known, and then the instantaneous rate could be calculated from equations, as T 
will be explained in Section 4. 


3 Intrinsic Rate of Natural Increase 


Statement 





When the environment is unlimited (space, food, or other organisms are not exert- 
ing a limiting effect), the specific growth rate (the population growth rate per. indi- 
vidual) becomes constant and maximum for the existing microclimatic conditions: 
The value ofthe growth rate under these favorable population conditions-character- 
izes a particular population age structure and is a single index of the inherent power 
of a population to grow. It may be designated by the symbol r, which is the exponent: 
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in the differential equation for population growth in an unlimited environment under 
specified physical conditions: 
dN | 
ZE SN (1) 
dt 
This is the same form as used in Section 2. The parameter r can be thought of as an 
instantaneous coefficient of population growth. The exponential integrated form 
follows automatically by calculus manipulation: 


N, = Noe” (2) 


where No represents the number of individuals at time zero, N, the number at time t, 
and e the base of natural logarithms. By taking the natural logarithm of both sides, 
one converts the equation into the form used in making actual calculations. Thus: 


InN, — InN, 


InN,=InN)+rt; or r= 


(3) 
In this manner, the index r can be calculated from two measurements of popula- 
tion size (Np and N, or at any two times during the unlimited growth phase, in which 
case N,, and Np may be substituted for No and N} and (t, ~> t,) substituted for t in the 
previous equations). 
The index r is actually the difference between the instantaneous specific natality 
rate b (rate per time per individual) and the instantaneous mortality rate d and may 
thus be expressed as follows: 


r=b-d © 


The overall growth rate of the population under unlimited environmental condi- 
tions, r, depends on the age composition and the specific growth rates due to repro- 
duction of component age groups. Thus, there may be several r values for a species 
depending on population structure. When a stationary and stable age distribution 
exists, the specific growth rate is called the intrinsic rate of natural increase or Tmax- 
This maximum value of r is often called by the less specific but widely used expres- 
sion biotic potential or reproductive potential. The difference between the maxi- 
mum r or biotic potential and the rate of increase that occurs in an actual laboratory 
or field condition is often taken as a measure of the environmental resistance, 
which is the sum total of environmental factors that prevent the biotic potential from 
being realized. 


Explanation 


Natality, mortality, and age distribution all are important, but each tells little by itself 


about how the population as a whole is growing, about what it would do if condi-: 


tions were different, and about what its best possible performance is, compared with 
its everyday performance..Chapman (1928) proposed the term biotic potential to des- 
ignate maximum reproductive power. He defined biotic potential as “the inherent 
property of an organism to reproduce, to survive, . . . to increase in numbers. It is 
sort of the algebraic sum of the number of young produced at each reproduction, the 
number of reproductions in a given period of time, the sex ratio and their general 
ability to survive under given physical conditions.” Based on this general definition, 
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biotic potential came to mean different things to different people. To some, it mean! g 
a nebulous reproductive power lurking in the population, fortunately never allowed 4 
to fully come forth because of the action of the environment (if unchecked, the de- @ 
scendants of a pair of flies would weigh more than Earth in a few years). To others, 4 
meant simply and more concretely the maximum number of eggs, seeds, spores, and ¥ 
so forth that the most fecund individual was known to produce, although this would § 
have little meaning in the population sense, as most populations contain individuals $ 
that are incapable of peak production. q 

Lotka (1925), Dublin and Lotka (1925), Leslie and Ranson (1940), Birch (1948), $ 
and others had to translate the rather broad idea of biotic potential into mathemati- ` 
cal terms that could be understood in any context. Birch (1948) expressed it well ` 
when he said, “If the ‘biotic potential’ of Chapman is to be given quantitative expres- 
sion in a single index, the parameter r would seem to be the most effective measure 
to adopt since it gives the intrinsic capacity of the animal to increase in an unlimited 
environment.” The index ris also frequently used as a quantitative expression of “re- 
productive fitness” in the genetic sense, as will be noted later. 

For the growth curves discussed in Section 2, r is the specific growth rate 
(AN/NAt) when population growth is exponential. Equation 3 in this section's State- 
ment is an equation for a straight line. Therefore, the value of r can be obtained graph- 
ically. If growth is plotted as logarithms (or on semilogarithmic paper), the log of 
population size plotted against time will give a straight line if growth is exponential; 
ris the slope of this line. Thus, the steeper the slope, the higher the intrinsic rate of 
increase. The extremely wide differences in biotic potential are especially emphasized 
when expressed as the number of times the population would multiply itself if the 
exponential rate continued or as the time required to double the population. Doubling 
time at the maximum intrinsic rate for flour beetles under optimum laboratory condi- 
tions is less than a week (Leslie and Park 1949). 

The human population reached 6.0 billion during October, 1999, and is ex- 
pected to reach 8.04 billion by 2025 (Bongaarts 1998). The United Nations pro- 
jects that the human population will grow from 6.1 billion in 2000 to 9.3 billion 
in 2050 (L. R. Brown 2001). Mest likely, the world’s human population will over- 
shoot the life-support capacity of Earth and stop growing sometime during the 
twenty-first century, hopefully followed’by a period of negative growth, to reach an 
optimum rather than a maximum carrying capacity (Barrett and Odum 2000; Lutz 
et al. 2001). We will return to this prediction later in this chapter. 

Populations in nature often grow exponentially for short periods when there is 
ample food and no crowding effects, enemies, and so forth, creating “boom-and- 
bust” patterns. Under such conditions, the population as a whole is expanding at a 
terrific rate, even though each organism is reproducing at the same rate as before— 
that is, the specific growth rate is constant. Plankton blooms (mentioned in previous 
chapters), pest eruptions, or growth of bacteria in new culture media are examples of 
situations in which growth may be logarithmic. It is obvious that this exponential 
increase cannot continue for very long; often, it is never realized. Interactions within. 

_the population and external environmental resistances soon slow down the rate of 
growth and play a part in shaping population growth forms in various ways: 
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4 Concept of Carrying Capacity 


Statement 


Populations show characteristic patterns of increase, termed population growth forms. 
For comparison, two basic patterns, based on the shapes of arithmetic plots of growth 
curves, can be designated: the J-shaped growth form and the S-shaped or sigmoid growth 
form. In the J-shaped growth form, density increases rapidly in exponential fashion 
(as shown in Fig. 6-9A) and then stops abruptly as environmental resistance or an- 
other limiting factor becomes effective more or less suddenly. This form may be rep- 
resented by the simple model based on the exponential equation considered in the 


preceding section: 
dN 
— = N 
d" 


In the sigmoid or S-shaped growth form (Fig. 6-9B), the population increases 
slowly at first (establishment or positive acceleration phase), then more rapidly (perhaps 
approaching a logarithmic phase), but it soon slows down gradually as the environ- 

“ment resistance increases in percentage (the negative acceleration phase) until equilib- 
rium is reached and maintained. This form may be represented by the simple logis- 
tic model: 





dt K 


The upper level, beyond which no major increase can occur, as represented by the 
constant K, is the upper asymptote of the sigmoid curve and has been aptly termed the 
maximum carrying capacity (see Barrett and Odum 2000 for details). 


B S-shaped 


Maximum 
carrying 
capacity 


Numbers (N) 
Numbers (N) 





Time ——» + Time ———> 


Figure 6-9. Hypothetical ae of (A) pees (exponential) and (8) S-shaped (sig- 
moid) growth curves. 
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Explanation 


When a few individuals are introduced into or enter an unoccupied area (for ë 
ample, at the beginning of a growing season), characteristic patterns of populatig 
increase have often been observed. When plotted on an arithmetic scale, the pa 
the growth curve representing an increase in population often takes the form of 
or an S (Figs. 6-9A and B). It is interesting to note that these two basic growth fort 
are similar to the two metabolic or growth types that have been described in ind 
vidual organisms. These patterns of growth and development illustrate processes 
transcending levels of organization (Barrett et al. 1997). But, as emphasized in Cha 
. ter 2, there are no set-point controls for growth at the population level and above; 
thus, overshooting K is likely. 

The equation given previously as a simple model for the J-shaped growth form is 
the same as the exponential equation discussed in Section 3, except that a limit is im- 
posed on N. The relatively unrestricted growth is suddenly halted when the popula- 
tion runs out of some resource (such as food or space), when frost or any other sea- 
sonal factor intervenes, or when the reproductive season suddenly terminates. When 
the upper limit of N is reached, the density may remain at this level for a time, but 
usually an immediate decline occurs, producing a relaxation-oscillation (boom-and- 
bust) pattern in density. Such a pattern in the short term is characteristic of many 
populations in nature, such as algal blooms, annual plants, some insects, and perhaps 
lemmings on the Tundra. - 

The second type of growth form that is also frequently observed follows an S- 
shaped or sigmoid pattern when density and time are plotted on arithmetic scales. The 
sigmoid curve is the result of the gradually increasing action of detrimental factors 
(environmental resistance or negative feedback) as the density of the population in- 
creases—unlike the J-shaped model, in which negative feedback is delayed until near 
the end of the increase. A simple case is one in which detrimental factors are linearly 
proportional to the density. Such a growth form is said to be logistic and conforms to 
the logistic equation used as a basis for the model of the sigmoid pattern. The logis- 
tic equation was first proposed by P. F. Verhulst in 1838; it was extensively used by 
Lotka (1925) and “rediscovered” by Pearl and Reed (1930). 

The logistic equation may be written in several ways; three common forms, plus 
the integrated form, follow: 






























D SS 0 
dt K o” 
r 
oN | oe NP 
qe (=) or 
dN 
a m( = x) and the integrated form 
t Ite” 


where dN/dt is the rate of population growth (change in number of individuals per 
unit time), r the specific growth rate or intrinsic rate of increase (discussed in Sec- 
tion 3), N the population size (number of individuals), a a constant of integration 
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defining the position of the curve relative to its origin, and K the maximum popula- 
tion size possible (upper asymptote) or carrying capacity. 

This equation is the same as the exponential one in the previous section, with the 
addition of one of the expressions (K — N)/K, (1/K)N’, or (1 — N/K). These expres- i 
sions are three ways of indicating the environmental resistance created by the grow- 
ing population itself, which brings about an increasing reduction in the potential 
reproduction rate as the population size approaches the carrying capacity. In word 
form, these equations simply mean the following: 


_ Maximum possible times Degree of : 
Rate of l rate of increase realization of i 
population equals . (unlimited specific or maximum rate 
increase . growth rate) times i 
population size minus Unrealized 
increase 


This sirnple model is a product of three components: a rate constant, r, a measure 
of population size, N, and a measure of the portion of available limiting factors noi 
used by the population, (1 — N/K). Although the growth of a great variety of pop- 
ulations—-representing microorganisms, plants, and animals, and including both 
laboratory and natural populations—has been shown to follow a sigmoid pattem, it 
does not necessarily follow that such populations increase according to the logistic 
equation. As Wiegeri (1974) pointed out, the logistic equation represents a sort of 
minimum sigmoid growth form, as the limiting effects of both space and resources 
begin at the very beginning of growth. In most cases, we would expect less limited 
growth at first, followed by a slowing down as density increases. Figure 6-10 illus- 
trates this concept of the logistic as the lowest and the exponential as the highest 
growth form. Most populations would be expected to follow an intermediate pattern 

In populaticns of higher plants and animals, which have complicated life histo- 
ries and long periods of individual development, there are likely to be delays in the 
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increase in density and the impact of limiting factors. In such cases, a more concave 4 
growth curve may result (longer period required for natality to become effective). | 
many such cases, populations overshoot the upper asymptote and undergo oscilla 
tions before settling down at the carrying capacity level, as shown in Figure 6-11 
Barrett and Odum (2000) presented two types of sigmoid growth, leading either to 
maximum carrying capacity or to an optimum carrying capacity. The maximum carry. 
ing capacity, Km, is the maximum density that the resources in a particular habitat = 
can support. The optimum carrying capacity, K,, is a lower-level density that can? 
be sustained in a particular habitat without “living on‘the-edge” regarding resources ` 
such as food or space (a quality over quantity parameter). Our prediction (Barrett and ` 
Odum 2000) is that the human population will follow the second pattern during the 4 
twenty-first century. l 3 
Modifications of the logistic growth form include two kinds of time lags: (1) the 

time needed for an organism to start increasing when conditions are favorable; and 
(2) the time required for organisms to react.to unfavorable crowding by altering birth 
and death rates. Figure 6-12 illustrates a generalized logistic growth form, showing 
the lag, logistic growth, point of inflection, environmental resistance, and carrying 
capacity phases. The lag phase illustrates the time lag necessary for a population to 
become acclimated to its environment. For example, small mammals in a new habi- 
tat need to make runways or burrows before becoming reproductively successful; fish 
in a new pond or tank must adapt to the water chemistry before maximizing their 
rate of reproduction. Once populations acclimate to habitats where resources, such 
as food, cover, and space, are abundant, these populations reproduce at an exponen- 
tial (logarithmic) rate of increase. The maximum rate of increase is termed the point 
of inflection. Demographers and population ecologists seek to determine the point of 
inflection because just beyond this point in the sigmoid growth curve, the rate of in- 
crease begins to decelerate (as opposed to accelerate just before the point of inflec- 


Figure 6-11. Contrasting sigmoid 
(S-shaped) and exponential (J-shaped) 
growth form models in relation to the 
maximum (K,,) and optimum (K,) carry- 
ing capacity concepts. (From Barrett, 
G. W, and E. P. Odum. 2000. The 
twenty-first century: The world at carry- 
ing capacity. BioScience 50:363-368,) 
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tion), The reason for this deceleration is that a resource, or a set of resources, becomes 
limiting in the environment. This slowing of population growth due to limiting re- 
sources is termed the environmental resistance phase of sigmoid growth. Finally, 
the population reaches carrying capacity conditions, in which the rate of population 
increase is zero and the population density is maximum, as depicted in Figures 6-11 
and 6-12. Humans have yet to reach carrying capacity conditions globally, although 
there is evidence that this will occur during the twenty-first century (Lutz et al. 2001). 

Fast-growitg cities, with their dependence on huge external sources of energy, 
food, water, and life support (natural capital) are especially likely to boom and bust 
in varying degrees, depending on input factors and the degree to which citizens and 
governments can anticipate future conditions and plan ahead. Thus, in the early stages 
of urban growth, when economic conditions are favorable (space and resources avail- 
able and inexpensive) and when the need for services (water, sewage treatment, 
streets, schools, and so on) is small, the population grows rapidly (with immigration 
often providing the major increase), as in a J-shaped growth pattern. Not until some 
time later (the time lag) do housing and schools become overcrowded, demands for 
services increase, taxes rise to cover increased maintenance costs, and general dis- 
economies of scale begin to be felt. In the absence of early negative feedback, such 
as rational land-use planning, cities will grow too rapidly for their survival and then 
suffer decline. Thus, there exists a need to couple an economic carrying capacity 
with an ecological carrying capacity concept in order to guide sustained development 
(L. R. Brown 2001). 


Examples 


Even though the simple logistic growth form is probably restricted to small organ- 
isms or to organisms with simple life‘histories, a general sigmoid growth pattern may 
be observed in larger organisms when they are introduced onto previously unoccu- 
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pied islands, as, for example, the growth of sheep populations on the island of Tas- 
mania (Davidson 1938), the growth of a pheasant population introduced on an island 
in Puget Sound, Washington (Einarsen 1945), or the growth of small mammal pop- 
ulations introduced into enclosures of high-quality habitat (Barrett 1968; Stueck and 
Barrett 1978; Barrett 1988). 
Populations are open systems. Population dispersal—the movement of indi- 
R viduals or their disseminules (seeds, spores, larvae, and so forth) into or out of the 
population or population area—supplements natality and mortality in shaping the 
- population growth form. Emigration—one-way outward movement of individuals 
—affects the local growth form in the same way as mortality, immigration— one-way 
inward movement of individuals—acts like natality. Migration— periodic departure 
and return of individuals—supplements both natality and mortality seasonally. Dis- 
persal is greatly influenced by barriers and by the inherent power of movement, or 
vagility, of individuals or disseminules. And, of course, dispersal is the means of col- 
onizing depopulated areas and of maintaining metapopulations. It is also an impor- 
tant component in the flow of genes and in speciation. The dispersal of small organ- 
isms and passive propagules generally takes an exponential form, in that density 
decreases by a constant amount of equal multiples of distance from the source. The 
dispersal of large, active animals deviates from this pattern and may take the form of 
“set distance” dispersal, normally distributed dispersal, or other forms. A study con- 
ducted by Mills et al. (1975) on the dispersal of big brown bats (Eptesicus fuscus) is 
an example of the interplay of random dispersal and a tendency for southward mi- 
gration. Within 8 kilometers (5-miles), dispersal was nondirectional (about equal 
chance that a banded bat would be recovered at any point in any direction), but 
beyond this distance, dispersal was definitely directional and southward. For gen- 
eral reviews of dispersal patterns, see MacArthur and Wilson (1967), Stenseth and 
Lidicker (1992), and Barrett and Peles (1999). 


5 Population Fluctuations and Cyclic Oscillations 


Statement 


When populations complete their growth, and AN/At averages zero over a long pe- 
riod of time, population density tends to pulse or fluctuate above and below the car- 
rying capacity level, because populations are subject to various forms of feedback 
control rather than set-point controls. Some populations—especially insects, exotic 
plant species, and pests in general—are irruptive; that is, they explode in numbers 
unexpectedly in a boom-and-bust pattern. Often, such fluctuations result from sea- 
sonal or annual changes in the availability of resources, but they may be stochastic (ran- 
dom). Also, some populations oscillate so regularly that they can be classed as.cyclic. 





Explanation. 


In nature, it is important to distinguish between (1) seasonal changes in populauon 
size, largely controlled by life-cycle adaptations coupled with seasonal.changes in en- 
vironmental factors; and (2) annual fluctuations. For purposes of this analysis, annual 
fluctuations may be considered under two headings: (1) fluctuations controlled pri- 
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marily by. annual differences in extrinsic factors (such as temperature and rainfall) 
that are outside the sphere of population interactions; and (2) oscillations subject 
to intrinsic factors (biotic factors such as food or energy availability, disease, or pre- 
dation), controlled primarily by population dynamics. In many cases, year-to-year 
changes in abundance seem clearly correlated with variation in one or more major 
extrinsic limiting factors, but some species show such regularity in relative abun- 
dance—seemingly independent of obvious environmental cues—that the term cycles 
seems appropriate (species with such regular variation in population size are often 
known as cyclic species). Examples of theories that have been advanced to explain 
these cycles will be presented later in this chapter. 

As has been stressed in earlier chapters, populations modify and compensate for 
perturbations of physical factors. However, because of the lack of set-point controls, such 
balances in mature systems are not steady states but are pulsing-state balances with vary- 
ing amplitudes of pulsing in theory. The more highly organized and mature the com- 
munity, or the more stable the physical environment, or both, the lower will be the 
amplitude of fluctuations in population density over time. 


Examples 


Humans are familiar with seasonal variations in population size We expect that at 
certain times of the year, mosquitoes or gnats will be abundant, the woods will be full 
of birds, or the frelds will be full of ragweed. At other seasons, the populations of 
these organisms may dwindle to the vanishing point. Although it would be difficult 
to find, in nature, populations of animals, microorganisms, and herbaceous plants 
that do not exhibit some seasonal change in size, the most pronounced seasonal fluc- 
tuations occur with organisms that have limited breeding seasons, especially those 
with short life cycles and those with pronounced seasonal dispersal patterns (such as 
migratory birds). 

An example of an irruptive pattern of population density fluctuations occurred in 
1959-1960, when a feral house mice (Mus musculus) population in California ex- 
ploded twice, as depicted in Figure 6-13 (Pearson 1963). These occasional, and usu- 
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Figure 6-13. iIrruptions of a feral house mouse (Mus musculus) population in California dur- 
ing 1959 and 1960 (modified after Pearson 1963). 
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ally unpredictable, population irruptions remain poorly understood, but likely result 
when a number of favorable conditions (such as weather, abundant food resources, 
vegetative cover to reduce predation) come together, resulting in a population ex- 
plosion. Occasionally, the irruptions cover a wide geographical or landscape area, 
leading ecologists to address general theories regarding population regulation (which 
will be discussed later in this chapter). 
Among the best-known examples of regular “mega-cycles” are the oscillations of 
certain species of northern mammals and birds that exhibit either a 9- to 10-year or 
a 3- to 4-year periodicity. A classic example of a 9- to 10-year oscillation is that of the 
snowshoe hare (Lepus americanus) and the lynx (Felis lynx), as shown in Figure 6-14. 
Figure 6-15 depicts the snowshoe hare with summer and winter pelage. Since about 
1800, the Hudson Bay Company of Canada has kept records of pelts of fur-bearers 
trapped each year. When plotted, these records show that the lynx, for example, 
reached a population peak every 9 to 10 years (X = 9.6 years) throughout a long pe- 
riod of time. Peaks of abundance were often followed by “crashes,” or rapid declines, 
the lynx becoming scarce for several years. The snowshoe hare (Fig. 6-15) follows the 
same cycle; its peak abundance generally precedes that of the lynx by a year or more 
(Keith and Windberg 1978; Keith et al. 1984; Keith 1990). Because the lynx largely 
depends on the hare for food, it is obvious that the cycle of the predator is related to 
that of its prey. However, the two cycles are not strictly a cause-and-effect predator- 
prey interaction, because the cycle of the hare occurs in areas where there are no 
lynxes. The answer, apparently, is that the hare cycles are a product of the interaction 
between predation and food supply (Krebs et al. 1995; Krebs, Boonstra, et al. 2001; 
Krebs, Boutin, et al. 2001). 
The shorter, three- to four-year cycle is characteristic of many northern murids 
(lemmings, mice, voles) and their predators (especially the snowy owl and foxes). 
The cycle of the lemming of the Tundra and the Arctic fox (Alopex lagopus) and the 
snowy owl (Nyctea scandiaca) was first well documented by Elton (1942). Every three 
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Figure 6-14, Fluctuations in the abundance of the lynx (Felis lynx) and the snowshoe-nare 
f {Lepus americanus), as indicated by the number of pelts received by the Hudson-Bay Conr 
pany (redrawn from MacLulich 1937 and Keith 1963). 
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igure 6-15. The snowshoe hare (Lepus americanus), with (A) summer and (B) winter pelage. The change from the brown 
ummer pélage to the white winter pelage has been shown to be controlled by photoperiodicity, not by temperature. 


or four years, over enormous areas of northern tundra on two continents, the lem- 
mings (two species in Eurasia and one species in North America of the genus Lem- 
mus, and one species of Dicrostonyx in North America) become abundant only to 
“crash,” often within a single season. Foxes and owls, which increase in numbers as 
their prey increases, decrease very soon afterward. During crash years, owls may mi- 
grate south into the United States in search of food. This irruptive emigration of sur- 
plus birds is apparently a one-way movement; few if any owls ever return. The owl 
population on the Tundra thus crashes as a result of the dispersal movement. So reg- 
ular is this oscillation that ornithologists in the United States can count on an inva- 
sion of snowy owls every three or four years. Because the birds are conspicuous and 
appear everywhere about cities, they attract much attention and get their pictures in 
the newspaper. In years. between invasions, few or no snowy owls are seen in the 
United States or southern Canada in winter. Shelford (1943) and Gross (1947) ana- 

. lyzed the records of the owl invasions and showed that they are correlated with the 
periodic decrease in abundance of the lemming, the chief food of the owl. 

In Europe, the lemmings become so abundant at the crest of the cycle that they 
sometimes emigrate from their overcrowded haunts. Elton (1942) described the fa- 
mous lemming migrations in Norway. As with the snowshoe hare, the lemming and 
vole cycles are either predator or resource (food) driven. Interesting enough, the ma- 
jor cause can be determined by the shape of the pulses, as shown in Figure 6-16. The 
food-driven lemming cycles have sharp peaks, whereas the predator-driven northern 

_ vole cycles have rounded peaks (Turchin et al. 2000). Lemmings apparently feed on 
the Tundra moss (especially in winter under the snow), which regrows slowly. The 
lemmings deplete their food supply and crash in one year (hence sharp peaks), be- 
fore predators reach a high enough density to decimate the population. In contrast, 
the voles feed’ on foliage that regenerates quickly, allowing two or more years for 
predators to reduce the population (hence rounded peaks). 

In summary, we suggest that most intrinsic fluctuations are either predator or re- 
source driven or both. The exaggerated northern pulses occur where the physical en- 
vironment is extreme and the diversity of predators, prey, and resources is low. Thus, 

* similar to the explosive increase in snowy owls, the lemming movement is one-way. 





250 CHAPTER 6 Population Ecology 







> 
w 
O 








Finse Kilpisjärvi Finnmark 
x 100 x x 100 
o o oO 
z g è 
g0 T, c 10 
Q 2 2 
Bo 1 5 T { 
2 =) 3 
8 8 J 
a 0.1 a0. : a 0.1 
0. 10 ` 20 0 10 20 0 10 20 
Time (years) . Time (years) Time (years) 
D E F 
Kilpisjärvi Pallasjärvi Finnmark 
x 100 l x 100 x 100 
© D o 
E £ g 
z T 10 T 10 
2 Q Q 
3 E zi 
S D a 
o a 0.1 à 0.1 
0 10 20 30 40 0 10 20 0. 10 20 
Time (years) Time (years) "Time (years) 


Figure 6-16. Population cycles in (A, B, C) lemmings and (D, E, F) voles in four locations in 
Scandinavia. Resource-driven lemming cycles show sharper peaks than predator-driven vole 
cycles. (From Turchin, P., L. Oksanen, P. Ekerholm, T. Oksanen, and H. Henttonen. 2000. Are 
lemmings prey or predators? Nature 405:562-565.) 


Spectacular lemming emigrations do not occur at every four-year peak in density, but - 
only during exceptionally high peaks. Often, the population subsides without the an- 
imals leaving the tundra or mountains. 

Long-term records of violent oscillations in foliage-feeding insects in European 
forests illustrate a six- to seven-year cycle for the pine looper (Bupalus piniaria) in the 
pine forests of Great Britain. (Barbour 1985). Interesting enough, B. piniaria exhibits 
shorter fluctuations at some sites and longer cycles in other areas—the result of a 
host-parasite interaction with Dusoma oxyacanthae. Pronounced cycles have been re- 
ported mostly from northern forests, especially pure stands of conifers. Density may 
vary over five orders of magnitude (log cycles), from less than one to more than 
10,000 per 1000 square meters (Fig. 6-17). One can well imagine that with 10,000 os 
potential moths emerging for every 1000 square meters, there are enough caterpillars 3 
to defoliate and even kill the trees, as frequently happens. The cycles of defoliating 

l caterpillars are not so regular as the oscillations of the snowshoe hare, and the cycles 
of different species are not synchronous. 

Periodic outbreaks of the spruce budworm (Choristoneura fumiferana) and tent 
caterpillars (Malacosoma) are well-known examples of similar patterns in the north- 
ern part of North America. Tent caterpillars have been studied by Wellington (1957, 

1960) and budworms by Ludwig et al. (1978) and Holling (1980). 

The budworm cycles are clearly a phenomenon at the ecosystem level, because 
the defoliating insect, its parasites and predators, and the conifers (spruce and bal- 
sam fir), which often grow in pure stands, are strongly coupled or coevolved.As the: 
forest, biomass increases, the large, older trees are vulnerable to a buildup of bud- 
worm caterpillars, and many trees are killed by successive defoliation. The death and 
decomposition of trees and the insect frass and feces return nutrients to the forest 
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floor. Young trees, which are less susceptible to attack, are released from shade sup- 
pression and grow rapidly, filling in the canopy in a few years. During this time, par- 
asites and bird predators of the insect combine to reduce the ecological density of the 
budworm. In the long term, the budworm is an integrated component that periodi- 
cally rejuvenates the conifer ecosystem, not the catastrophe it seems if one only ob- 
serves the dead and dying trees at the-peak of the cycle. 

In fact, after a study of the role of a mountain pine beetle (Dendroctonus pon- 
dercsae) in lodgepole pine (Pinus contorta) mountain forests, Peterman (1978) con- 
cluded that the beetle creates forests that are dominated primarily by Douglas fir 
(Pseudotsuga menziesii) at the lower elevations. These forests are more useful to hu- 
mans than overcrowded stands of lodgepole pine, which are of little value for lum- 
ber, wildlife, or recreation. Peterman would have us view the beetle as a management 
tool rather than a pest, and he suggested that in isolated forests, it would be better to 
let the periodic outbreaks run their course, thus hastening ecological succession. 
Such a view, of course, contradicts the traditional management of forest pests, which 
is to attempt to control insects only when their density becomes high enough to kill 
trees outright. An alternate strategy might be simply to harvest old-growth trees be- 
fore the beetles or budworms take them out. This becomes practical now that mod- 
els have been developed that can predict when an outbreak of insects is likely. Peri- 
odic storms perform a function similar to that of the insects; blowing down old and 
crowded stands of high mountain forest, storms create a patchwork of young and 
older trees that are constantly being shifted about on the mountainside. 

. Probably the most famous of all oscillations of an insect population are those in- 
volving locusts and grasshoppers. In Eurasia, records of outbreaks of the migratory 
locust (Locusta migratoria) go back to antiquity (J. R. Carpenter 1940). The locusts 
live in desért or semiarid country and in most years are nonmigratory, eat no crops, 
and attract no attention. At intervals, however, their population density increases to 
an enormous extent. Periodic drought also causes crowding of individuals into lim- 
ited areas. The tactile response of repeated “bumping” causes both males and females 
to contribute to the production of migratory offspring. Human activities, such as 
shifting cultivation and overgrazing by cattle, tend to increase rather-than decrease 


Figure 6-17. Annual estimates in 
pupal density per m? for the pine 15 
looper (Bupalus piniaria) at Tentsmuir 

in Great Britain (after Barbour 1985). 10- 
Data based on log fluctuations about 
the equilibrium density of 0.0 (1 pupa 
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the chance of an outbreak, because a patchwork or mosaic of vegetation and bare 
ground (in which the locusts lay eggs) is favorable for an exponential buildup of pop- 
ulation. Here, a population explosion is generated by combined instability and sim- 
plicity in the environment. As with the lemming, probably not every population 
maximum is accompanied by an emigration; therefore, the frequency of the plagues 
does not necessarily represent the true periodicity of the oscillations in density. Even 
so, outbreaks were recorded at least once every 40 years between 1695 and 1895. 

Two striking features of mega-cyclic oscillations are that (1) they are most 
pronounced in the less complex ecosystems of northern regions and in human- 
maintained monoculture forests; and (2) although peaks of abundance may occur si- 
multaneously over wide areas, peaks in the same species in different regions do not 
always coincide. Theories have been advanced to explain the range of mega-cycles 
throughout the levels-of-organization hierarchy. A very brief summary of some of 
these theories follows. 


Extrinsic Theories 


Attempts to relate population density oscillations to climatic factors have so far been 
unsuccessful (MacLulich 1937). Palmgren (1949) and Cole (1951, 1954) suggested 
that what appear. to be regular oscillations could result from random variations in 
both biotic and abiotic factors. Lidicker (1988) suggested that population ecologists 
adopt a multifactorial model in order to comprehend how many extrinsic and in- 
trinsic factors function synergistically to explain changes in population densities. 

Some species do, indeed, appear to be regulated by climatic factors. For example, 
there exists a relationship between Gambel’s quail (Callipepla gambelii) population 
abundance in southern Arizona and winter rainfall (Sowls 1960). Quail need an 
abundance of high-quality vegetation and cover in late winter and early spring to 
supply the nutrients essential to reproduction. In years of low rainfall, the flush of 
high-quality vegetation fails to appear, and most of the birds fail to reproduce. Thus, 
the reproductive success of desert quail reflects a density-independent response to 
rainfall (more will be said about density-dependent and density-independent factors 
related to population regulation in Section 6). 

The northern bobwhite quail (Colinus virginianus) has been found to experience 
heavy mortality due to snow cover and blizzard conditions —extrinsic factors that reg- 
ulate its numbers (Errington. 1945). Errington (1963) also demonstrated that musk- 
rat (Ondatra zibethicus) population abundance is affected by drought, because musk- 
rats secure dens on stream banks near high-quality feeding areas. Periods of drought 
cause muskrats to abandon these dens and seek new dens, thus increasing their vul- 
nerability to predators. 

These examples demonstrate how climatic factors affect plant and animal densities 
and serve as extrinsic mechanisms of population regulation. When climatic (extrinsie) 
factors, random or otherwise, prove not to be the major cause of the violent oscilla- 
tions, then causes within the populations themselves (intrinsic factors) are sought. 


Intrinsic Theories 


Building on a medical theory of stress (the general adaptation syndrome) of Hans Selye; 
John J. Christian and coworkers (see Christian 1950, 1963; Chtistian.and Davis. 
1964) amassed considerable evidence from both the field and the laboratory to show 
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Figure 6-18. Modified versions of the Chitty-Krebs genetic feedback (A) and food qual- 
ity (B) hypotheses to explain population pulses in microtine rodents (after Krebs et al. 1973 and 
Pitelka 1973). 


that crowding in higher vertebrates results in enlarged adrenal glands. This enlarge- 
ment is symptomatic of shifts in the neural-endocrine balance that, in turn, cause 
changes in behavior, in reproductive potential, and in resistance to disease or other 
stress. Such changes often combine to cause a precipitous decline in population den- 
sity. This theory has frequently been termed the adreno-pituitary feedback hypothesis. 

During the 1960s and 1970s, Chitty (1960, 1967), Krebs and Myers (1974), and 
Krebs (1978) suggested that genetic shifts account for differences in aggressive be- 
havior and survival that are observed at different phases of the cycle for the vole 
(Fig. 6-18A)—a situation similar to that of the strong and weak races in the tent 
caterpillar (Wellington 1960). 

Another group of theories relies on the idea that cycles of abundance are intrinsic 
at the ecosystem level rather than at the population level. Certainly, density changes 
that range over several orders of magnitude must involve not only secondary trophic 
levels, such as predators and prey (see, for example, Pearson 1963), but also the pri- 


_ mary plant-herbivore interactions. An example is the nutrient depletion and recov- 


ery hypothesis (Fig. 6-18B) proposed to explain microtine cycles in the Tundra 
(Schultz 1964, 1969; Pitelka 1964, 1973). This hypothesis is based on documented 
evidence that heavy grazing during the peak year ties up and reduces the availability 
of mineral nutrients (especially phosphorus), so that the food is low in nutritional 
quality. The growth and survival of both adults and young are thus greatly reduced. 
After two or three years, the recycling of nutrients is restored, plants recover, and the 
ecosystem can again support a high density of consumers. In other words, the cycle 
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is resource (food) driven rather than predator driven (recall the earlier examples de- 
picted in Fig. 6-16). 

More recently, the role of secondary plant compounds involved in plant-herbivore 
interactions has received increased attention (see Harborne 1982, for details regard 
ing these classes of compounds). For example, many secondary compounds of plan: 
(that is, compounds not used for metabolism, but chiefly for defensive purposes) in- - 
terfere with specific metabolic pathways, physiological processes, or reproductive - 
success of herbivores. Many of these compounds, such as tannins, make plants less ` 
palatable, whereas others, such as cardiac glycosides, are toxic and bitter to animals 
feeding on plants that. contain these compounds. Negus and Berger (1977) and 
Berger et al. (1981) identified chemical compounds in plants that either triggered or 
inhibited reproduction in a natural population of Microtus montanus, 

Large-amplitude cycles of abundance are important not because they are partic- 
ularly common in the world in general, but because a study of them reveals functions 
and interactions that probably have general application but are not so evident in pop- 
ulations whose density is less variable. Thè problem of cyclic oscillation in any spe- 
cific case may well depend on determining whether one or a few factors are primar- 
ily responsible (Lidicker 1988) or whether the causes are so numerous that it would 
be too difficult to untangle them. Figure 6-19 illustrates Lidicker’s multifactorial model 
of population regulation in the California vole. One or a few causes are certainly 
likely in simple ecosystems, whether experimental or natural: many causes are more 
likely in complex ecosystems. 
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Figure 6-19. Multifactorial model of population regulation in the California-vole: (Microtus 
californicus) (modified after Lidicker 1988). 
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Figure 6-20. Three types of popula- 
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Figure 6-20 models the three basic types of population level fluctuations that can 
be top down (predator driven), bottom up (resource driven), or both. We suggest 
that mega-cycles may be exaggerated density pulses that are characteristic of several 
populations, as proposed by W. E. Odum et al. (1995) in a paper entitled “Nature’s 
Pulsing Paradigm.” We suggest that maximum density is achieved when biologically 
based intrinsic pulses are coordinated with extrinsic, physically based pulses. 

Having considered a number of interesting specifics, we can now consider the 
more general challenge of population regulation 


Density-Independent and Density-Dependent 
Mechanisms of Population Regulation 


Statement 


In low-diversity, physically stressed ecosystems, or in ecosystems subject to irregu- 
lar or unpredictable extrinsic perturbations, population size tends to be mainly in- 
fluenced by physical factors, such as weather, water currents, chemical limiting con 

ditions, and pollution. In high-diversity ecosystems in benign environments (low 
probability of periodic physical stress such as storms or fire), populations tend to be 
biologically controlled, and to some extent, at least, their density is self-regulated 

Any factor, whether limiting or favorable (negative or positive) to a population, is 
(1) density independent if its effect (change in numbers) is independent of the size 
of the population; or (2) density dependent if its effect on the population is a func- 
tion of population density. Density-dependent response is usually direct, because it 
intensifies as the upper limit (carrying capacity) is approached. It may, however, also 
be inverse (decrease in intensity as density increases). Direct density-dependent fac- 
tors act like governors on an engine (hence, they can be termed density governing} 
and, for this reason, are considered one of the chief agents in preventing overpopu- 
lation. Climatic factors often, but by no means always, act in a density-independent 
manner, whereas biotic factors (such as competition, parasites, or pathogens) often, 
but not always, act in a density-dependent manner. 
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Explanation 


A general theory for population regulation logically results from the preceding 
cussion of biotic potential, growth forms, and variation around the carrying capa 
level. Thus, the J-shaped growth form tends to occur when density-independent or e 
trinsic factors determine when growth slows down or stops. The sigmoid growth fo 
on the other hand, is density dependent, because self-crowding and other intrinsic e 
fects control population growth. 
The behavior of any population that one might wish to select for study depend 

on the kind of ecosystem of which that population is a part. Contrasting physical 
controlled and self-regulating ecosystems is arbitrary and produces an oversimplified 2 
model, but it is a relevant approach, especially as human efforts during most of the? 
past century have been directed toward replacing self-maintaining ecosystems with 
monocultures and stressed systems that require a lot of human care. As the cost (in 
energy as well asin money) of physical and chemical control has risen, as pest resis- 
tance to pesticides has increased, and as toxic chemical by-products in food, water, 
and air have become more of a threat, integrative pest management (IPM) is increas- 
ingly being implemented. Evidence for this is the increased interest in a new frontier 
termed ecologically based pest management, which involves efforts to reestablish natu- 
ral, density-dependent, ecosystem-level controls in agricultural and forest ecosystems 
(NRC 1996a, 2000a; E. P. Odum and Barrett 2000). 
The preceding section showed how physiological and genetic shifts, or the alter- 
nation of ecotypes in time, as it were, can dampen oscillations and hasten the return 
of density to lower levels after it overshoots carrying capacity. However, the question 
remains how self-regulation at the population level evolves through natural selection 
at the individual level (see Section 12 regarding population genetics and natural se- 
lection for additional details). 
Wynne-Edwards (1962, 1965) proposed two mechanisms that can stabilize den- 
sity at a level lower than saturation: (1) territoriality, an exaggerated form of intra- 
specific competition that limits growth through land-use control (to be discussed 
more fully in Section 9); and (2) group behavior, such as peck orders, sexual dom- 
inance, and other behaviors that increase the fitness of offspring but reduce their 
number. These mechanisms tend to enhance the quality of the environment for the : 
individual and reduce the probability of extinction that might result from overshoot- $ 
ing the availability of resources. The importance of such social and behavioral traits 
is difficult to test experimentally and is much discussed, as indicated in several re- 
view books by Cohen et al. (1980), Chepko-Sade and Halpin (1987), Cockburn’ 
(1988), and Stenseth and Lidicker (1992). 
___ Density-independent (extrinsic) factors of the environment (such as weather phe- 
* nomena) tend to cause variations, sometimes drastic, in population density and tend 
to cause shifting of upper asymptotic or carrying capacity levels. Density-dependent 
(intrinsic) factors such as competition, however, tend to mainiain a population in 
a stable pulsing state or to hasten the return to such a level. Density-independent 
environmental factors have a greater role in physically stressed ecosystems; density- 
dependent natality and mortality become more important in benign environments 
where extrinsic stress is reduced. Asin a smoothly functioning cybernetic system, ad: 
ditional negative feedback control is provided by interactions (both phenotypic and- 
genetic) between populations of different species that are linked together in foed: 
chains or by other important ecological relationships. 
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Figure 6-21. Changes in plant den- 
sity and mean plant weight during the 100.0 
growing season for Amaranthus retro- 
flexus and Chenopodium album, illus- 
trating the —3/2 self-thinning power law 


‘(after J. L. Harper 1977). 


Examples 


Chitty (1960) and Wellington (1960) described how the quality of natural popu- 
lations (voles and tent caterpillars, respectively) changes in relation to population 
abundance. For example, it appears that reproductive success and population sur- 
vivorship decrease as vole populations increase in numbers. Likewise, survivorship, 
foraging behavior, and behavioral construction of “tents” appear to decrease in quality 
as the population abundance of caterpillars overshoots carrying capacity conditions. 
These phenomena tend to function in a density-dependent manner, providing a reg- 
ulatory mechanism for these species. Holling (1965, 1966) emphasized the impor- 
tance of behavioral characteristics in a series of mathematical models that predict how 
effectively a given insect parasite will control the insect host at different densities. 
Plants exhibit density-dependent population regulation mechanisms just as ani- 
mals do. Plant populations at high densities undergo a process termed self-thinning. 
When seeds are sown at high densities, the emerging young plants or seedlings com- 
‘pete vigorously. As the seedlings grow, many die, decreasing the density of surviving 
seedlings. The increasing growth rate of the surviving individual plants results in con- 
tinuous competition, leading to a decline in the number of surviving plants. When 
the logarithm of average plant weight is plotted as a function of the logarithm of pop- 
ulation density, the data points in the course of the growing season generate a line 
with a slope of about ~3/2. Ecologists term this relationship between average weight 
and plant density a self-thinning curve. Because of its regularity among numerous plant 
species, this relationship is also frequently termed the —3/2 power law. Figure 6-21 
depicts changes in plant density and mean plant weight during the growing season 
for redroot pigweed (Amaranthus retroflexus) and white goosefoot (Chenopodium al- 
bum) and illustrates the —3/2 power law (J. L. Harper 1977). Thus, both plants 
and animals exhibit density-dependent mechanisms that tend to regulate and control 
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population densities to remain at or near the carrying capacity set by the availability 
of resources and conditions in the environment. 






7 Patterns of Dispersion 


Statement 


Individuals in a population may be dispersed according to four types of board pat- 
terns (Fig. 6-22): (1) random; (2) regular; (3) clumped; and (4) regular clumped. All 
these types are found in nature. Random distribution occurs when the environment 
is very uniform and there is no tendency to aggregate. Regular or uniform disper- 
sion may occur when competition between individuals is severe or when there is pos- 
itive antagonism that promotes even spacing; of course, this is also frequently the pat- 
tern in monoculture crops and forests. Clumping of varying degrees (individuals 
associate in groups) represents by far the most common pattern. However, if indi- 
viduals of a population tend to form groups of a certain size— for example, herds of 
animals or vegetative clones in plants—the distribution of the groups may be either 
random or clumped in a regular pattern. Determination of the type of dispersion is 
important in the selection of methods of sampling and statistical analysis. 
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Explanation and Examples 


i 
| 


The four patterns of intrapopulation dispersion are depicted in Figure 6-22. Each 
rectangle contains approximately the same number of individuals. In the case of 
clumped distribution, the groups could be randomly distributed or uniformly dis- 


Figure 6-22. Four basic patterns of the dispersion of in- A c 
dividuals within a population. (A) Random. (B) Regular. 
(C) Clumped. (D) Regular clumped. 
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tributed—that is, themselves clumped in a regular pattern with large unoccupied 


spaces (Fig. 6-22D). From examining Figure 6-22, one may see that a small sample 
drawn from the four populations could obviously yield very different results. A small 
sample from a population with a clumped distribution would tend to give either too 
high or too low a density when the number in the sample is multiplied to obtain 
the total population. Thus, clumped populations require larger and more carefully 
planned sample techniques than nonclumped ones. 

Random distribution follows the normal or bell-shaped curve on which standard 
parametric statistical methods are based (see Chapter 12 for more details regarding sta- 
tistical methods). This type of distribution is to be expected in nature when many fac- 
tors are acting together on the population. When a few major factors are dominating, 
as is the usual case (recall the principle of limiting factors), and when there is a strong 
tendency for plants and animals to aggregate for (or because of) reproductive and 
other functions, there is little reason to expect a completely random distribution. 
To study such populations, we use nonparametric statistics, which are based on non- 
random patterns of distribution; field samples are frequently needed to determine 
patterns of distribution and, consequently, decide which statistic tests to use when 
comparing differences among populations. However, nonrandom or “contagious” 
distributions of organisms are sometimes found to be made up of intermingled ran- 
dom distributions of groups containing various numbers of individuals or, alterna- 
tively, of groups that turn out to be uniformly distributed (or at least more regular 
than random). To take an extreme case, it would be much better to determine the 
number of ant colonies (using the colony as the population unit) by a sample method, 
and then to determine the number of individuals per colony, than it would be to try 
to measure the number of individuals directly by random samples. 

Several methods have been suggested to determine the type of spacing and the 
degree of clumping between individuals in a population (where it is not self-evident), 
but there is much that must still be done in solving this problem Two methods are 
mentioned as examples. One method is to compare the actual frequency of occur- 
rence of differently sized groups obtained in a series of samples with a Poisson series, 
which gives the frequency with which groups of 0, 1, 2, 3, 4. . . n individuals will be 
encountered together if the distribution is random. Thus, if the occurrence of small- 
sized groups (including blanks) and large-sized groups is more frequent and the oc- 
currence of midsized groups less frequent than expected, the distribution is clumped. 
The opposite is found in a uniform distribution: Statistical tests can be used to de- 
termine whether the observed deviation from the Poisson curve is significant. An ex- 
ample of the use of the Poisson method to test for random distribution in spiders is 
shown in Table 6-2. In all but 3 of 11 quadrats, spiders were randomly distributed. 
The nonrandom distributions occurred in quadrats in which the vegetation was ieast 
uniform. : 

Another method to determine dispersion type involves actually measuring the 
distance between individuals in some standardized way. When the square root of the 
- distance is plotted against frequency, the shape of the resulting frequency polygon indi- 
cates the distribution pattern. A symmetrical polygon (a normal, bell-shaped curve, 
in other words) indicates random distribution; a polygon skewed to the right indicates 
a uniform distribution; and one skewed to the left indicates a clumped distribution 
(individuals coming closer together than expected). A numerical measure of the de- 
gree of skewness may be computed. This method, of course, would be most applica- 
ble to plants or stationary animals, but it could be used to determine the spacing be- 
tween animal colonies or domiciles (such as fox dens, rodent burrows, or bird nests). 
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Table 6-2 





Species Quadrat quadrat Poisson distribution 
Lycosa timuqua 1 31 8.90* 
2 19 9.58* 
3 15 5.51- 
4 16 0.09 
5 45 0.78 
6 134 1.14 
L. carolinensis 2. 16 0.09 
5 23 4.04 
6 15 0.05 
L. rabida 3 70 17.30* 
4 16 0.09 


Number and distribution of wolf spiders (Lycosidae) 
on 0.1-hectare quadrats in an old-field habitat 





Number per Chi-square from 
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Source: After Kuenzler 1958. - , 
* Significant at P = 0.01 level of probability. 


Flour beetle larvae are usually distributed randomly throughout their very um- 
form environment, because their observed distribution corresponds with the Poisson 
distribution (Park 1934). Lone parasites or predators, such as the spiders in Table 6-2, 
sometimes show a random distribution (they often engage in random searching be- 
havior for their hosts or prey). Forest trees that have reached sufficient height to form 
a part of the forest canopy may show a regular uniform distribution, because the 
competition for sunlight is so great that the trees tend to be spaced at intervals more 
regular than random. A cornfield, orchard, or pine plantation, of course, would be 
an even clearer example. Desert shrubs often are very regularly spaced, almost as-if 
planted in rows, because of the intense competition in the low-moisture environ- 
ment, which may include the preduction of plant antibiotics that prevent the estab- 
lishment of near neighbors. A similar more regular than random pattern frequently 
occurs in territorial animals (see Section 9). The clumped (aggregate) pattern of dis- 
persion is discussed in detail in the following section: 









The Allee Principle of Aggregation and Retuging 


Statement 


As noted in the previous section, varying degrees of clumping are characteristic of the 
internal structure of most populations-at-one time or another. Such clumping is a 
result of individuals aggregating (1) irr response to local-habitat or landscape differ- 
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ences; (2) in response to daily and seasonal weather changes; (3) because of repro- 
ductive processes; or (4) because of social attractions (in higher animals). Aggrega- 
tion may increase competition between individuals for resources such as nutrients, 
food, or space, but this is often more than counterbalanced by the increased survival 
of the group because of its ability to defend itself, to find resources, or to modify mi- 
croclimate or microhabitat conditions. The degree of aggregation—and the overall 
density—that results in optimum population growth and survival varies with spe- 
cies and conditions; therefore, undercrowding (or lack of aggregation) as well as over- 
crowding may be limiting. This principle is termed the Allee principle of aggrega- 
. tion, named after well-known behavioral ecologist W. C. Allee. 
Refuging describes a special type of aggregation in which large, socially orga- 
nized groups of animals establish themselves in a favorable, central place (refuge) 
from which they disperse and to which they return regularly to satisfy their needs for 
food or other resources. Some of the most successfully adapted animals on Earth, in- 
cluding starlings and humans, employ this refuging strategy. 


Explanation and Examples 


In plants, aggregation may occur in response to the first three factors listed in the 
Statement (habitat, climate, or reproduction). In higher animals, spectacular aggre- 
gations may be the result of all four factors, but especially of social behavior —as 
illustrated, for example, by the herds of reindeer or caribou in the Arctic, the great 
migratory flocks of birds, or herds of antelope on the East African Savanna that move 
from one grazing area to another, thus avoiding overgrazing any one part of the range. 

In plants in general, it is a well-defined ecological principle that aggregation is in- 
versely related to the mobility of disseminules (seeds or spores), as was brought out 
in Weaver and Clements’ (1929) pioneer textbook Plant Ecology. In old fields, cedars, 
persimmons, and other plants with nonmobile seeds are nearly always clumped near 
a parent or along fences and other places where birds or other animals have depos- 

‘ited the seeds in groups. On the other hand, ragweeds, grasses, and even pine trees, 
which have light seeds widely distributed by the wind, are by comparison much 
more randomly distributed over old fields. 

Group survival value is an important characteristic that may result from aggrega- 
tion (Fig. 6-23): A group of plants may be able to withstand the action of wind bet- 
ter than isolated individuals or may be able to reduce water loss more effectively. 
With green plants, however, the deleterious effects of competition for light and nu- 

‘trients generally soon overbalance the advantages of aggregation. The most marked 
group survival advantages are to be found in animals. Allee (1931, 1951) conducted 
many experiments in this field and summarized the extensive writings on the sub- 
ject. He found, for example, that groups of fish could withstand a given dose of poi- 
son introduced into the water much better than could isolated individuals. Isolated 
individuals were more resistant to poison when placed in water formerly occupied by 
a group of fish than when placed in water not so “biologically conditioned”; in the 
previously occupied waters, mucus and other secretions aided in counteracting the 

, poisons, thus revealing something of the mechanism of group action in this case. Bees 

provide another example of group survival value; a hive or cluster of bees can gener- 
ate and retain enough heat in the mass for survival of all the individuals at tempera- 
tures low enough to kill all the bees if each were isolated. Bobwhite quail (Colinus vir- 
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Figure 6-23. Illustration of the Allee principle. In some populations (A), growth and sur- 
vival is greatest when the population size is small, whereas in others (B), intraspecific cooper- 
ation results in an intermediate-sized population being the most favorable. in the latter instance, 
“undercrowding” is as detrimental as “overcrowding? (after Allee et al. 1949). 





ginianus) increase their chances of survivorship by forming a group (covey) during the 
winter months in the midwestern United States; the covey rests in a circle with heads 
facing outward (Fig. 6-24), thus being able to “flush” in several directions if they are 
approached by a predator such as a red fox (Vulpes vulpes). This social grouping be- 
havior and response to disturbance (such as human hunters) results in at least some 
of the individuals in the covey escaping harm and, consequently, being able to re- 
produce in the spring. 

Actual social aggregations, as seen in the social insects and vertebrates (as con- 
trasted with passive aggregation in response to some common environmental factor), 
have a definite organization involving social hierarchies and individual specializa- 
tions. A social hierarchy may be a peck order (so termed because the phenomenon was 
first described in chickens) with clear-cut dominance and subordination between in- 


Figure 6-24. A covey of quail (Coli- 
nus virginianus), illustrating the Allee 
principle of aggregation as a behavioral 
Strategy. ; 
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dividuals, often in linear order (like a military chain of command from general to pri- 
vate), or it may be a more complicated pattern of leadership, dominance, and coop- 
eration, as occurs in well-knit groups of birds and insects that behave almost as a 
single unit. These kinds of social organizations benefit the population as a whole by 
preventing density overgrowth. 

Among higher animals, a very successful aggregation strategy has been termed 
refuging, as described in detail by W. J. Hamilton and Watt (1970) and Paine (1976). 
Refuges are sites or situations where members of an exploited population have some 
protection from predators and parasites. Large numbers of individuals resort to a fa- 
vorable central place or core—for example, a starling roost or a large breeding col- 
ony of sea birds. From there, they forage within a large perimeter or life-support area, 
often daily. Aggregatidn at a central place is advantageous in ensuring a net energy 
gain by individuals when good central places are scarce. Disadvantages of refuges are 
stresses such as excrement pollution and excessive trampling of vegetation or sub- 
strate at the central place and increased risk of predation during food-gathering or 
foraging forays. 

The remarkable organizations of social insects are unique in their specialized 
roles. The most highly developed insect societies are found among termites (Isoptera) 
and ants and bees (Hymenoptera). In the most specialized species, a division of labor 
is accomplished by three castes: reproducers (queens and kings), workers, and sol- 
diers. Each caste is morphologically specialized to perform the functions of repro- 
duction, food gathering, and protection, respectively As will be discussed in the next 
chapter, this kind of adaptation leads to group selection not only within a species but 
also in groups of closely linked species. 

The Allee principle is relevant to the human condition. Aggregation into cities 
and urban districts (a refuging strategy) is obviously beneficial, but only up to a 
point, in connection with the law of diminishing returns. The exploitation of fossil 
fuels has extended the dispersal of foraging areas to the far reaches of Earth, so cities 
and other central places have few energy and fuel constraints on the size of the refug- 
ing population. But pollution and the cost of maintenance become increasingly lim- 
- iting as human population density increases. A plot of benefit (y-axis) against city 
size (x-axis) would theoretically have the same humpbacked shape as curve B in Fig- 
ure 6-23. Thus, cities, like bee or termite colonies, can get too big for their own good 
` The optimum size of the aggregation of social insects is determined by the trial and 
error of natural selection. Because the optimum size of cities cannot as yet be objec- 
tively determined, cities tend to overshoot in size and then depopulate when their 
costs exceed their benefits. According to ecological principles, it is a mistake to main- 
tain or subsidize a city that has grown too large for its life support; however, some 
wealthy countries do subsidize cities with, for example, federal monies, high taxes, 
and expensive fossil fuel imports. 


Home Range and Territoriality 


Statement 


The forces isolating or spacing individuals, pairs, or small groups in a population are 
perhaps not as widespread as those favoring aggregation, but these forces are never- 
theless important for enhancing fitness and as a mechanism for regulating popula- 
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tions. Isolation usually is the result of (1) competition between individuals for re- 
sources in short supply; or (2) direct antagonism, involving behavioral responses in 
higher animals and chemical isolating mechanisms (antibiotics and allelopathics) in 
plants, microorganisms, and lower animals. In both cases, either a random or a uni- 
form distribution may result, as outlined in Section 7 (Fig. 6-22), because close neigh- 
bors are eliminated or driven away. Individuals, pairs, or family groups of vertebrates 
and higher invertebrates commonly restrict their activities to a definite area termed 
the home range. If this area is actively defended, so that there is little or no overlap 
of space used by the antagonistic individuals, pairs, and so on, it is termed a territory. 
Territoriality seems to be most pronounced in vertebrates and in certain arthropods 
that have complicated reproductive behavior patterns involving nest building, egg 
laying, and care and protection of young. 


Explanation and Examples 


Just as aggregation may increase competition but has compensating advantages, so 
the spacing of individuals in a population may reduce the competition for the neces- 
sities of life or provide the privacy necessary for complex reproductive cycles (as in 
birds and mammals) but comes at the expense of losing the advantages of cooperative 


- group action. Presumably, the pattern that survives through evolution in a particular 


case depends on which alternative provides the greatest long-term survivorship ad 
vantage. In any event, both patterns are frequent in nature; in fact, some species pop- 
ulations alternate from one to the other. Robins (Turdus migratorius), for example, iso- 
late into territories during the breeding season but aggregate into flocks in the winter, 
thus obtaining advantages from both arrangements. Again, different ages and sexes 
may show opposite patterns at the same time (adults isolated, young aggregated, for 
instance). 

The role of intraspecific competition and “chemical warfare” in bringing about 
spacing in forest trees and desert shrubs has already been noted in Sections 6 and 7. 
Isolating mechanisms of this sort are widespread among higher plants. Many animals 
isolate themselves and restrict their major activities to definite areas or home ranges, 
which may vary from a few square meters to many square hectares. As home ranges 
often overlap, only partial spacing is achieved; territoriality achieves the ultimate in 
spacing. Figure 6-25 compares the home ranges of meadow voles (Microtus pennsyl- 
vanicus), which overlap (are not defended), with territories of song thrushes (Turdus 
philomelos), which do not overlap (are defended) and are reestablished in successive 
breeding seasons. 

Home range size varies with the size of the animal, as would be expected. Home 
range-size for the grizzly bear (Ursus horribilis), for example, was estimated to aver- 
age 337,000 ha, whereas the home range size for the deer mouse (Peromyscus manicu- 
latus) was found to be less than one hectare. See Harris (1984) for a table comparing 
home range sizes for small and large mammalian species. 

The term territory, as defined in this section, was first introduced: by Elliot 
Howard in his book Territory in Bird Life, published in 1920. Most of the easly litera- 
ture on the subject has dealt with birds. However, the concept of territoriality is new 
widely recognized for other vertebrates and some arthropods, especially among spe- 
cies in which a parent or parents guard nests and young. Territory is defined as that 
area of the habitat defended by individuals of a particular species— often a breeding 
pair of individuals—against other members of the same species. Territoriality— 
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Figure 6-25. (A) Home ranges of meadow voles (Microtus pennsylvanicus) in fragmented 
and nonfragmented habitat patches (after R. J. Collins and Barrett 1997). (B) Territories of song 
thrushes (Turdus philomelos) in two consecutive years (after Lack 1966). Note that individu- 
als 1, 6, and 7 maintained the same territories both years, whereas two individuals holding ter- 
ritories in 1955 failed to return and were replaced by three new individuals. 
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that is, the detense of this habitat space —is a social behavior. The defended area may 
be quite large, larger than needed for the food supply of the pair and its young. For 
example, the tiny gnatcatcher (Polioptila caerulea), which weighs about 7 grams, es- 
tablishes a territory averaging 4.6 acres (1.8 ha) but obtains all the food it néeds in a 
much smaller area around the nest (Root 1969). In most territorial behavior, actual 
fighting over boundaries is held to a minimum, Owners advertise their land er loca- 
tion in space by song or displays, and potential intruders generally avoid entering an 
established domain. Many birds, fish, and reptiles have conspicuous head, body, or 
appendage markings that can be displayed to intimidate intruders. In most migratory 
songbirds, males arrive on nesting grounds before the females and devote their time 
to establishing and advertising territories with loud songs. The fact that the area de- 
fended by birds is often larger at the beginning of the nesting cycle than later, when 
the demand for food is greatest, and the fact that many territorial species of birds, 
fish, and reptiles do not defend the feeding area at all, support the idea that repro- 
ductive isolation and control has greater survival value for territoriality than the iso- 
lation of a food supply. 

Territoriality certainly affects genetic fitness (probability of leaving descendants), 
because individuals of territorial species that cannot secure suitable territories do not 
breed. Although holding a territory is regarded as advantageous, the costs of defense 
must also be taken into account. Brown (1964) explained the costs and benefits by a 
hypothesis of economic defensibility. Whether territoriality functions to prevent over- 
population and has evolved for this reason, as Wynne-Edwards (1962) so strongly 
argued, is debatable. Jerram Brown (1969) summarized the arguments against this 
population limitation hypothesis, including the idea that the energy cost of defending 
an area larger than needed would not produce a selective advantage. Verner (1977), 
on the other hand, argued that it may be adaptive to occupy a space larger than dic- 
tated by immediate needs, because adequate resources for reproductive needs would 
be ensured should a drought or other harsh condition reduce food availability in the 
future. An experimental study by Riechert (1981) of a territorial species of desert spi- 
der (Agelenopsis aperta) provided evidence for this view. Riechert found that territo- 
rial size was fixed (only so many spiders could occupy the experimental area), ad- 
justed to lows in availability of prey in times of greatest stringency. Accordingly, the 
population density would not increase beyond an upper limit set by the number of 


- available favorable territory sites, no matter how much food was available in favor- 


able times. Individuals unable to establish territories lost weight and eventually died, 
as shown in Figure 6-26. Territory holders occupied the best sites and were most suc- 
cessful in producing young, especially under harsh conditions (unfavorable weather 
and scarce food). In this case, the potential of territoriality to limit population and to 
select the most fit individuals seemed to be realized. 

- In migratory songbirds, males usually arrive in the breeding habitat before fe- 
ales in the spring. Loud singing functions to establish a territory to attract mates. 
Individuals able to establish a territory have no difficulty attracting a mate; individ- 
uals unable to establish a territory (floaters; see Fig. 6-26) do not breed. Some other 
functions that have been suggested for territoriality include avoidance of predation 
or disease through the spacing of individuals and favorable allocation and preserva- 
tion of resources. 

~ The extent to which humans are territorial byv virtue of inherent behavior and the 
extent to which they can learn land-use control and planning as safeguards against 
overpopulation are intriguing questions. Certainly, there are some territorial aspects 
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to human behavior, such as the private property imperative and the laws and cus- 
toms that regard the home as a safe house to be defended against intruders, with 
weapons if necessary. In a book entitled The Territorial Imperative (1967), Robert 
Ardrey argued optimistically that humans are inherently territorial and will eventu- 
ally resist crowding and thereby avoid the doomsday of overpopulation. To date, 
however, there are few data to support this hypothesis, 


10 Metapopulation Dynamics 


Statement 


The metapopulation is a level between the organism and the population levels of or- 
ganization in the ecological hierarchy (see Fig. 1-3). Metapopulations may be de- 
fined as subpopulations occupying discrete patches or “islands” of suitable habitat 
that are separated by unsuitable habitat but connected by dispersal corridors. In nat- 
urally heterogeneous, fragmented landscapes (especially human-dominated land- 

scapes), groups of individuals in each discrete patch may go extinct at some point in 
-time, but the patch may be recolonized by individuals from a nearby patch, provided 
there is a navigable corridor connecting the patches. If colonization and extinction 


balance over a large area of landscape, the total population size may remain about the | 
same. Accordingly, the survival of the species may depend more on dispersal (the abil- 
ity to migrate from one patch to another) than on births and deaths within the patch. | 
Explanation and Examples 4 


Figure 6-27 depicts a hypothetical metapopulation in a patchy environment- with 
corridors between patches. If the species fails to reproduce in a patch; especially in 


-a a low-quality one, then the metapopulation may survive by receiving immigrants 
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Figure 6-27, Hypothetical metapopulation distribution. 
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from a high-quality patch. The metapopulation concept may be considered an as- 
pect of the broader “source-sink” concept (discussed in Chapter 3). The metapopu- 
lation concept was first introduced by Levins (1969) and extensively updated by 
Hanski (1989). 


patches, much of the species richness was retained. 

The metapopulation concept, along with the theory of island biogeography to 
be discussed in Chapter 9, provides models not only for the conservation of endan- 
gered species but also for wildlife management in general. As with any management 
strategy, there can be shortcomings and downsides. Too much exchange via conser- 
vation corridors can synchronize fluctuations and increase the spread of disease and 
exotic pests (Simberloff and Cox 1987; Earn et al. 2000). See books by McCullough 
(1996) and Hanski and Gilpin (1997) for additional teadings and examples of meta- 
population dynamics as related to wildlife conservation and population genetics, 
respectively. 


11 Energy Partitioning and Optimization: r- ang K-Selection 


Statement 


Paralleling the Partitioning of energy between P (production) and R (respiration or 
maintenance) and the concept of net energy for an ecosystem as a whole (discussed 
in Chapter 3), individual organisms and their populations can grow or reproduce 
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only if they can acquire more energy than is needed for maintenance. Maintenance 
energy consists of the resting or basal rate of metabolism plus a multiple of this to 
cover minimum activity needed for survival under field conditions. Such existence 
energy must be estimated by time-energy observations in the field, because it varies 
widely according to whether a species is sedentary or active. The net energy required 
for reproduction and, therefore, for the survival of future generations, entails energy 
devoted to reproductive structures, mating activities, production of offspring (seeds, 
“eggs, young), and parental care. Through natural selection, organisms achieve as fa- 
vorable a benefit-cost ratio of energy input minus energy costs of maintenance as pos- 
sible. For autotrophs, this efficiency involves usable light (convertible to food) minus 
the energy required to maintain energy-capturing structures (leaves, for example) as 
a function of the time that light energy is available. For animals, the critical factor is 
the ratio of usable energy in food minus the energy cost of searching for and feeding 
on food items. Optimization can be achieved in two basic ‘ways: (1) by minimizing 
time (by efficient searching or conversion, for example); or (2) by maximizing net en- 
ergy (by selecting large.food items or easily convertible energy sources, for example). 
Most optimization models indicate that the lower the absolute abundance of food (or 
other energy sources), the larger the habitat area foraged and the greater the range of 
food items that should be taken to optimize benefit-cost ratios. However, extrinsic 
factors such as competition or cooperation with other species can alter this trend. 

The ratio of reproductive energy to maintenance energy varies not only with the 
size of organisms and with life history patterns, but also with population density and 
carrying capacity. In uncrowded environments, selection pressure favors species with 
a high reproductive potential (high ratio of reproductive to maintenance effort). In 
contrast, crowded conditions favor organisms with lower growth potential but better 
capabilities for using and competing for scarce resources (greater energy investment 
in the maintenance and survival of the individual). These two modes are known as 
r-selection and K-selection, respectively (and species exhibiting them are desig- 
nated r- and K-strategists), based on the r and K constants in growth equations (de- 
scribed in Section 4). 


Explanation 


Partitioning or allocation of energy among the various activities of an organism 
reflects: balances between the advantages and costs of-each activity in producing a 
change in Tnax the intrinsic (genetically determined) rate of increase, to enhance sur- 
vivorship or fitness. The first consideration, of course, is survival and maintenance of 
the individual (the respiratory component) with additional energy.allocated to growth 
and reproduction (the production component). Large organisms, like large cities, must 
allocate.a larger portion. of their metabolized energy input to maintenance than small 
organisms;.which do not have so much structure to maintain. Natural selection, that 
uncompromising master forcing function; requires that all organisms find an opti- 
mum balance between the energy spent on future survival and the energy pat on 
survival in the present. 

Figure 6-28 shows four hypothetical allocations of net energy between three ma- 
jor activities: (1) energy expended to cope with competition from other-species striv- 
ing for the same resources; (2) energy expended to avoid being eaten (or grazed) by 
a predator; and (3) energy expended to produce offspring. When competition and 
predation have a low impact, a large part.of the energy flow may go to reproduction 
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Figure 6-28. Hypothetical allocations of energy to three 
major activities necessary for survival in four contrasting sit- 
uations (A-D) where the relative importance of each activity 
varies (modified from Cody 1966). 
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and the production of offspring (Fig. 6-28A). Alternatively, competition or anti- 
predator activities may take most of the available energy (Fig. 6-28B and C, respec- 
tively). All three demands receive approximately equal allocations in the last example 
(Fig. 6-28D). Examples A, B, C, and D can represent four different species, or four 
different communities where selection pressure produces the illustrated pattern in 
many species. As will be seen in Chapter 8, example A represents a common situa- 
tion in pioneer or colonizing stages of succession, where r-selection predominates, 
whereas examples B through D are likely patterns in more mature stages, where K- 
selection may predominate. 

Schoener (1971), Cody (1974), Pyke et al. (1977), and Stephens and Krebs 
(1986), in reviewing how energy partitioning and optimization can be analyzed (to 
determine optimal feeding or foraging strategies), suggest that the problem is analo- 
gous to cost-benefit analysis in economics, with the benefit being increased fitness 
and the costs being energy and time required to ensure future reproductive output. 
Optimal foraging is defined as the maximum possible energy return under a given 
set of foraging and habitat conditions. A predator, for example, is under selective 
pressure to increase the ratio between usable energy minus energy cost of obtaining 
prey and time required to search, pursue, and consume the prey. Increasing the en- 
ergy available for reproduction can, in theory, be accomplished by (1) selecting larger 
or more nutritious prey or prey that is easier to catch; or (2) reducing search and pur- 
suit time and effort. 

An approach to the optimum partitioning of energy (cost-benefit analysis) in- 
volves graphic “strategic analysis,” as illustrated in Figure 6-29. A and B are foraging 
strategy models for a hypothetical species faced with the problem of how many of six 
potential food items to use (A) or how many isolated feeding areas or “patches” to for- 
age in (B). If only one food item among many available is sought, a greater search ef- 
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fort per item is required, compared with the search effort for feeding indiscriminately 
on all six items, as shown by the AS curve in Figure 6-29A. More pursuit effort is re- 
quired as difficult-to-catch or smaller prey are sought, as shown by the AP curve. In 
the hypothetical case of Figure 6-29A, the optimum cost-benefit balance comes when 
the decreasing and increasing trend curves cross at four prey items. Interactions with 
other species or other environmental factors can shift the optimum in either direc- 
tion. Competition with other species can force this hypothetical animal to become a 
specialist and feed on only one food item if it has a competitive advantage. Or such 
selection could be advantageous when food is abundant. Then again, conditions 
could dictate that becoming a generalist is a favorable strategy. 

In Figure 6-29B, hunting effort (AH) increases as more feeding areas are explored, 
but this is balanced by a decrease in traveling time per unit food caught (AT). Again, 
the optimum is a compromise between opposing trends—three patches foraged in 
the situation graphed. 

Figure 6-29C is a more general model in which reproductive output per unit en- 
ergy decreases and nonreproductive output increases (both monotonically) with the 
time spent in procurement of energy (feeding). The shaded area represents the region 
where reproductive output is maximized, and optimum feeding time, again, is where 
the curves cross, providing a favorable balance between the two necessary allocations 
of. energy. 

As noted in the Statement, species with a high biotic potential (r) tend to be 
favored in uncrowded or uncertain environments that are subject to periodic stresses 
(such as storms or droughts). Species with partition energy in favor of maintenance 
and enhanced competitive-ability do better under K (saturation) densities or stable 
physical factors (low probability of severe disturbances) and in mature or climax 
stages of ecological succession (see Chapter 8). To put it another way, species ex- 
hibiting the J-shaped population growth form are effective pioneers that can quickly 
exploit unused or recently accumulated resources, and they are resilient to perturba- 
tions. Slower-growing species and populations are better adapted to mature com- 
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Figure 6-29. Optimization cost-benefit models, (A) Balancing use of food sources. AS = 
energy-expended in searching for a preferred:food item; AP = energy. expended in pursuing a 
particular food item. (B) Balancing -use-of foraging areas. AT = energy expended: on traveling- 
between catches; AH = energy expended-on hunting. (C} Balancing-time spent'on reproduc- 
tion and feeding. 
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Table 6-3 


munities and are more resistant but less resilient to perturbations (recall the discus- § 
sion of resistant versus resilient stability in Chapter 2). Table 6-3 summarizes the at- 4 
tributes of r- and K-selected species. 

A general model for r- and K-selection, as proposed by MacArthur (1972), 
shown in Figure 6-30. Although X, and X; in the diagram were designated as twog 
competing genetic alleles, they can also represent competing species. In region A (t0§ 
the left of point C), where density is low and food (or sunlight and nutrients, in the ¥ 
case of plants) is abundant, the faster-growing species or allele X, wins out; there is% 
r-selection. In region B (to the right of point C), species X}, is growing faster than X, § 
and thus wins out; there is K-selection. MacArthur noted that K-selection prevails in 4 
the relatively nonseasonal Tropics, whereas r-selection prevails in the seasonal envi- 
ronments of the North Temperate Zone, where population growth is marked by ex- 
ponential growth followed by catastrophic declines during the winter months. 

Clutch size (number of eggs or young per reproductive period) in birds seems not 
only to reflect mortality and survivorship but also to mirror r- and K-selection. Op- 
portunistic birds (r-strategists) have a larger clutch size than do equilibrium species, 
as do temperate birds compared with tropical ones. 

The r- and K-strategist designations can be faulted as an oversimplified classifi- 
cation, because many populations have variable or intermediate modes. However, 
Pianka (1970) found an apparent bimodality in relativély r- and relatively K-selected 
organisms in nature related to body sizes and generation times. He argued that “an 
either/or strategy is usually superior to some kind of compromise.” 

In his book Evolution in Changing Environments, Levins (1968) concluded that en- 
vironmental uncertainty limits specialization in the evolution of species. Under un- 
stable conditions, for purposes of selection, it is favorable to be a generalist as well 
as to have a high rma. Also, under such conditions, communities can be only very 
loosely organized. Specialization and organization can increase to higher levels only 
if the unpredictability of the environment is low. To what extent can groups of pop- 
ulations and communities, by their concerted action, reduce environmental uncer- 


Attributes of r- and K-selection 





Attribute r-selection K-selection 
Climate Unpredictable Predictable 
Population size Variable in time Constant in time 
Competition Lax Keen 
Selection favors Rapid development Slow development 
Early reproduction Delayed reproduction 
Small body size Large body size 
Many offspring Few offspring 
Length of life ` Short (<1 year) Long (>1 year) 
Stage in succession Early Late (climax) 
Leads to Productivity Efficiency 





Source: Modified after Pianka 1970, 2000. 
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Figure 6-30. MacArthur's (1972) model of r- and K- 
selection. Rates of increase of two alleles (or species), 
X, and X,, are portrayed as functions of population density 
and resource density. A represents region of r-selection, and 
B region of K-selection. 
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tainty and thereby open the way for organization to proceed to a higher level, as 
sometimes happens with human societies? That question remains to be answered. 


Examples 


Table 6-4 compares the allocation of assimilated energy between production, P 
(growth and reproduction), and respiration, R (maintenance), in six species repre- 
senting both predators and herbivores and both vertebrates and invertebrates. In gen- 
eral, predators (marsh wrens, red foxes, and hunting spiders) allocate more of their 
assimilated energy to maintenance (foraging for food, defending territories, and so 
on) than do herbivores (cotton rats and pea aphids). Large homeotherms (warm- 
blooded vertebrates) likewise allocate a greater percentage of assimilated energy to R 
than do small poikilotherms (arthropods). 

Comparison of hunting and web-building spiders provides an interesting ex- 
ample of energy partitioning. Because the web has a high protein content, silk for- 
mation comes at a high cost in energy, but many spiders recycle the silk by eating it. 
as they rebuild the web, thereby cutting the cost. Peakall and Witt (1976) estimated 
that silk production in an orbweaver spider, which recycles its web, requires only 
about one fourth of the total maintenance calories of building the web and keeping 
it in repair. The total energy cost of the web is about one half of the basal energy con- 
sumption, which is less than the energy expended in hunting by some non—web 
builders. This is a possible lesson for humans: the species that builds expensive, labor- 
saving devices can reduce energy costs by recycling the materials. 

The theory that predators optimize-energy cost-benefit by varying the selection 
of the size of prey according to overall prey abundance has been tested and verified 
experimentally by Werner and Hall (1974). These investigators presented bluegill 
sunfish with different combinations of sizes and numbers of cladoceran prey and - 
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Table 6-4 


recorded which size of prey was selected. When the absolute food abundance was 
low. prey of all sizes were eaten as encountered. When the abundance of prey was 
increased, the smaller-size classes were ignored, and the fish concentrated on the 
largest-size cladocera. The fish thus switched from feeding generalists to specialists 
as food abundance increased (and vice versa when it declined). Barrett and Mackey 
(1975) also noted that American kestrels (Falco sparverius) initially selected the 
meadow vole (Microtus pennsylvanicus) even when deer mice (Peromyscus maniculatus) 
were equally abundant under seminatural aviary conditions, resulting in the capture 
of a larger energy reward. 

As an illustration of r- and K-selection, ragweed (Ambrosia), which grows in old 
fields and other recently disturbed places, and Dentaria laciniata, a herbaceous plant 
that lives in the relatively stable forest floor, were compared in terms of-seed pro- 
duction and peak reproductive effort. The ragweed produced about 50 times ds many 
seeds as Dentaria and allocated a much larger percentage of its assimilated energy to 
reproduction (Newell and Tramer 1978). 

Goldenrods provide an example of a range of reproductive strategies between the 
extremes of r- and K-selection. In Figure 6-31, reproductive effort is plotted against 
nonreproductive (leaf) biomass accumulation for six populations (representing four 
species) of goldenrods of the genus Solidago. Population 1, a species that grows in dry, 
open fields or disturbed sites, maintains a low leaf biomass and allocates about 
45 percent of net production to reproductive tissues. In contrast, population 6, which 
occurs in moist hardwood forests, puts more of its energy into leaves, with only 5 per- 
cent allocated to reproduction. The other populations occur in habitats intermediate 
in moisture and stability and have corresponding intermediate allocations. 


i 
Allocation of assimilated energy between production 
(P; growth and reproduction) and respiration 

(R; maintenance) 





Percentage Percentage of 
of assimilated assimilated 
energy to energy to 
production respiration 
Trophic level (P) (R) 


Primary Consumer 


Cotton rat (herbivore) 13 87 
Secondary Consumers 

Marsh wren (insectivore) 1 99 

Red fox (carnivore) 4 96 

Raccoon (omnivore) 4 96 
Poikilothermic Arthropods 

Pea aphid (herbivore) 58 42 

Wolf spider (predator) 25 75 





Source: Data after Kale 1965; Vogtsberger and Barrett 1973; Randolph 
et al. 1975, 1977; Humphreys 1978; and Teubner and Barrett 1983. 
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Figure 6-31. Reproductive effort (ratio of dry weight of re- 
productive tissues to total dry weight of aboveground tissue) 
-plotted against nonreproductive biomass (ratio of leaf weight 
to total weight) in six populations of four species of golden- 
‘rods (Solidago). Population 1 is a species that occurs in dry, 
‘open fields or disturbed soil, whereas population 6 occurs in 
moist hardwood forests; the other populations occur in habi- 
tats intermediate in moisture and stability (after Abrahamson 
and Gadgil 1973). 
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Solbrig (1971) noted that r- and K-strategists can be found within the same spe- 
cies. The common dandelion (Taraxacum officinale), for example, has several strains 
or variations that differ in the mix of genotypes controlling allocation of energy. One 
strain grows primarily in disturbed areas and produces more but smaller seeds that 
ripen earlier in the season, compared with another strain found in a less disturbed 
area that allocates more energy to leaves and stems and produces fewer seeds that 
ripen late. The latter strain shades out the more fecund variety when the two are grown 
together in good soil. Thus, strain 1 is a more effective colonizer of new ground and 
qualifies as an r-strategist; strain 2 is a more effective competitor or K-strategist 

Although uncertain or disturbed environments do favor r-selection, the K- 
strategist is by no means ruled out. For example, in fire-adapted communities such 
as the Chaparral of California (see Chapter 5), “resprout” plant species that allocate 
large energy reserves to underground parts are as well or better adapted to survive 
periodic fires as are plants that hold their future in seeds. For other examples of en- 
ergy partitioning from the plant kingdom, vegetation processes, and plant strategies, 
see Grime (1977, 1979). - 


Population Genetics 


Statement 


An understanding of population genetics and natural selection is necessary in order 

to understand how populations evolve and how communities and ecosystems change 

over time. Population genetics and natural selection underpin the area of study fre- 
t 
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quently termed evolutionary biology or evolutionary ecology. Population genetics is the 
study of changes in the frequencies of genes and genotypes within a population. Nat- 
ural selection is an evolutionary process by which the frequencies of genetic traits 
in a population change as a result of the differential survival and reproductive suc- 
cess of the individuals bearing those traits. The historical record of life on Earth doc- 
uments that attributes and traits of organisms, populations, and species change over 
time. This process is referred to as evolution. 


Explanation and Examples 


Charles Darwin, in his book The Origin of Species by Means of Natural Selection (Dar- 
win 1859), was the first person to document that the process of natural selection al- 
lows populations to respond to changes in the environment, resulting in the close 
coupling of an organism with its natural environment. Population genetics helps to 
explain how populations, and consequently communities and ecosystems, undergo 
evolutionary change. The environment acting on genetic variation among individu- 
als in the population results in the adaptation of the population or species to the en- 
vironment. Adaptation refers to traits of an organism that inctease its fitness to sur- 
vive and reproduce. , 

Gregor Mendel was the first person to recognize that characteristics are passed 
from parents to offspring in packets of information that we now term genes. Johann 
Mendel, renamed Gregor when he joined the Augustinian order of monks, was the 
oldest child of a farmers family located near Brno, in what is now the Czech Repub- 
lic. Mendel’s early studies included a firm background in the sciences, thanks mainly 
to the Countess Walpurga Truchsess-Zeil, who ruled the district where Mendel’s fam- 
ily lived. As Charles Darwin explored the Galapagos Islands, Mendel. because of his 
excellent training in mathematics, developed powerful experimental approaches to 
investigate the natural world. Mendel determined that genes come in alternative 
forms (alleles) that result in variation among genotypes and phenotypes and differ- 
ences between homozygous and heterozygous genotypes. Some alleles in a popula- 
tion are dominant, and the alleles that they suppress are termed recessive 

For example, Figure 6-32 shows a picture of an agouti (pigmented phenotype) 
and an albino (nonpigmented phenotype) meadow vole (Microtus pennsylvanicus). 
The agouti carries the dominant phenotype allele (AA), whereas the albino carries 
the recessive phenotype allele (aa). Individuals resulting from several generations 
of breeding confirmed that albinism was inherited as an autosomal recessive trait 
(Brewer et al. 1993). These investigations hypothesized that albinism-would be dis- 
advantageous in old-field and grassland communities, where conspicuousness of 
coat color would likely result in increased rates of predation. Peles et al. (1995), how- 
ever, found no significant differences in population densities or rates of recruitment 
between coat-color (agouti versus albino) treatments conducted in natural old-feld 
experimental plots. The lack.of increased rates of predation of albino voles was at- 
tributed to high nutritional quality and heavy vegetative cover. In fact, when voles 
were removed from these experimental enclosures during early winter, more albino 
than agouti individuals were captured. This example illustrates the close relationship 
of population genetics to habitat quality (Peles and Barrett 1996). 

Building on the preceding example, the proportion of gametes carrying alleles A 
and a is determined by the individual genotypes (the genes received from the parents). 
Because eggs and sperm generally unite at random, the proportion of offspring of dif- 
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Figure 6-32. Agouti (left) and albino 
(right) variants of meadow voles (Micro- 
tus pennsylvanicus). Meadow voles are 
herbivorous small mammals that inhabit 
grassland and old-field communities. 
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ferent genotypes can be predicted based on parental genotypes. Offspring (F) gener- 
ation) of a dominant (AA) agouti and a recessive (aa) albino will consist of .25 AA, 
.50 Aa, and .25 aa. The proportions are termed the genotype frequencies. Becatse i 
the Aa genotype will be expressed phenotypically as agouti (because A is the domi- 
nant allele), a 3/1 (agouti/albino) phenotype ratio is predicted. 

Will genotype frequencies change through successive generations in a bisexual 
population? The Hardy-Weinberg equilibrium law helps to identify evolutionary or 
environmental forces that can change gene frequencies in populations. The Hardy- 

Weinberg equilibrium law is stated as follows: if p is the frequency of allele A (the 
dominant), and q is the frequency of allele a (the recessive), so that p + q = 1, then 
the genotype frequencies will be p? + 2pq + q’ = 1, where p° is the frequency of the 
homozygous individuals (AA), q’ is the frequency of the homozygous individuals 
(aa), and 2pq is the frequency of the heterozygous individuals (Aa). In the case of the 
meadow vole population discussed previously, the proportions of the genotypes in the 
F, generation will be (0.5)? + 2(0.5 + 0.5) + (0.5)’. The same genotype frequencies 
will be maintained in the F, generation if the conditions of the Hardy-Weinberg law 
hold. These conditions are (1) mating is random; (2) new mutations do not occur; 
(3) there is no gene flow from one population to another; (4) no natural selection oc- 
curs; and (5) the population size is large: As these conditions are seldom met in real- 
ity, what is the value of the Hardy-Weinberg law? Any departure from one or more 
of these assumptions serves as a null hypothesis against which to test the departure 
of frequencies away from the Hardy-Weinberg equilibrium model. Changes in allele 
frequencies due to random variation in allele frequencies in a population over time 
is termed genetic drift. Genetic drift reduces genetic variation in populations by in- 
creasing the frequency of some alleles and by reducing the frequency of other alleles. 

Genetic drift has more pronounced effects in small populations than in large 
ones. Population geneticists use the term effective population size (N,) to describe 
the effects of numbers on drift. Inbreeding, defined as mating among close relatives, 
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is frequently the result of small population size. The major genetic effect of inbreed- 
ing is an increase in homozygosity (a decrease in genetic variation). For example, there 
is concern that the Florida panther (Felis concolor coryi) has too few individuals for 
an adequate gene pool. Because of generations of inbreeding, 90 percent of the pan- 
ther sperm is abnormal, which could lead to its extinction (Perry and Perry 1994). 
Figure 6-33 is a photograph of this magnificent species. 

Social behavior is also based on genetic variation, resulting in differential rates of 
reproduction among lineages of closely related individuals. Altruistic behaviors are 
social behaviors that enhance the fitness of other individuals in the population at the 
apparent expense of the individual performing them. For example, an alarm call is 
a behavior by an individual indicating the presence of a predator in the area; the fit- 
ness of the neighboring individuals increases, because these individuals have a better 
chance to escape, whereas the caller's fitness decreases if the alarm call attracts the at- 
tention of the predator. . 

The most widespread examples of altruism are eusociality and cooperative breed- 
ing. Eusociality is characterized by cooperative caring for the young, division of la- 
bor, and an overlap of at least two generations of life stages functioning to contribute 
to colony or group labor. Examples are colonies of honey bees, ants, and termites. 
Figure 6-34 shows a large termite mound located near Darwin, Australia. In con- 
structing their huge, complex mounds, termites move considerable amounts of soil 
and detritus—a task requiring coordinated group labor. 

Altruistic behavior in an individual within an.extended family that influences the 
fitness of an individual with which it shares more genes than it does with an indi- 
vidual at random is referred to as kin selection. Kin selection is the-evolution of a ge- 
netic trait expressed by an individual that affects the behavior and genetic fitness of one 
or more closely related individuals. Kin selection is favored when the increase in fitness 
of closely related individuals in the population is great enough to compensate for the 
loss in fitness by the altruistic individual. The Florida jay (Aphelocoma coerulescens) 
provides an example of an altruistic cooperative breeding unit formed through the 
retention of mature offspring. The Florida jay family (Fig. 6-35) is a monogamous 


Figure 6-33. The Florida panther 
(Felis concolor coryi) inhabits the for- 
ests and swamps of the southeastern 
United States. 
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Figure 6-34. Termite (Copotermes ascinaciformis)mound Figure 6-35. The Florida scrub jay (Apelocoma coerules- 
located near Darwin, Australia. Termite colonies may contain cens) inhabits the thickets of sand pine and scrub oak along 
over 3 million individuals; termites release over 150 million the east and west coasts of Florida. ` 
tons of methane into the atmosphere annually. 


breeding pair along with some of its offspring, which functions as a unit during the 
breeding season, providing food for nestlings, guarding the nest, protecting fledglings 
out of the nest, and defending territory (McGowan and Woolfenden 1989). An indi- 
vidual’s own reproductive success plus the increased fitness of its relatives, weighted 
according to the degree of the relationship, is termed inclusive fitness (W. D. Ham- 
ilton 1964; Smith 1964). i 

When an individual helps a relative with which it shares many genes, and the re- 

productive success of the relative increases as a result of the help, that additional re- 

roduction is counted as part of the inclusive fitness of the organism providing the 
elp. Thus, the inclusive fitness of an individual represents its own reproductive suc- 
cess plus a portion of that of close relatives who receive the benefits of its altruistic 
behavior. This concept explains many aspects of social behavior. 

In summary, natural selection, expressed by changes in genotypic and pheno- 
typic frequencies in populations, is a mechanism of adaptation to. the environment. 
The basis of adaptation to the local environment is the genetic variation of individu- 
als in the population. Sources of variation are embedded in genes—specifically, in 
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13 





DNA molecules. Major sources of genetic variation are the reproductive recombina- 
tion of genes provided by parents in bisexual populations, and inheritable mutations 
in the gene or chromosome. Natural selection, acting on this genetic variation, results 
in increased fitness within the natural environment. Fitness is usually measured as 
the total lifetime reproductive success of an individual. Thus, the direction that change 
(evolution) takes depends on the genetic structure of those individuals that survive 
and leave behind reproducing progeny. 

Because of habitat fragmentation due to human intervention in the landscape (see 
Chapter 9), the populations of many species of plants, animals, and microbes are be- 
ing reduced to small, frequently isolated, populations. These small populations carry 
only a fraction of the genetic variation of the total population or species—a situation 
that can increase rates of genetic drift, elicit inbreeding depression, and even lead to 
extinction. Changes in the genetics of populations are also reflected at the commu- 
nity, ecosystem, and landscape levels of organization. Interactions and evolution 
among species (coevolution) will be discussed in greater detail in Chapter 7. 


Life History Traits and Tactics 


Statement 


Selection pressure resulting from the impact of physical environments and biotic 
interactions shapes patterns of life history so that each species evolves an adaptive 
combination of the population traits considered in previous sections of this chapter. 
Although each species’ life history is unique, several basic life history tactics can be 
recognized, and the combination of traits that is characteristic to organisms living in 
specified circumstances can, to some extent, be predicted. 


Explanation and Examples 


Stearns (1976) listed four life history traits that are key to survival tactics: (1) brood 
size (number of seeds, eggs, young, or other progeny); (2) size of young (at birth, 
hatching, or germination); (3) age distribution of reproductive effort; and (4) inter- 
action of reproductive effort with adult mortality (especially the ratio of juvenile to 
adult mortality). The following predictive theories have been summarized by Gadgil 
and Bossert (1970), Stearns (1976), Pianka (2000), and others: 


1, Where adult mortality exceeds juvenile mortality, the species should reproduce 
only once in a lifetime and, conversely, where juvenile mortality is higher, the or- 
ganism should reproduce several times. 


2. Brood size should maximize the number of young surviving to maturity averaged 
over the lifetime of the parent. Thus, a ground-nesting bird may require a clutch 
size of 20 eggs to ensure replacement, whereas a bird nesting in a cavity or other 
protected place will have a much smaller clutch size. 


3. In expanding populations (the growth segment of the population growth curve), 


selection should minimize age at maturity (r-selected organisms wilh: breed-at an 
early age); in stable populations (at carrying capacity or K level), maturation 
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should be delayed. This principle seems to hold for human populations; in fast- 
growing countries, childbirth begins at an early age, whereas in stable countries, 
on average, people postpone childbearing to a later age. 


4. When there is risk of predation, scarcity of resources, or both, size at birth should 
be large; conversely, size of young should decrease with increasing availability of 
resources and decreasing predation or competition pressure. 


5. For growing or expanding populations in general, not only is the age of matu- 
rity minimized and reproduction concentrated early in life, but also brood size 
should be increased and a large portion of energy flow partitioned to reproduc-. 
tion—a combination of traits recognizable as an r-selection tactic. For stable pop- 
ulations, one expects the reverse combination of traits, or K-selection 


6. When resources are not strongly limiting, breeding begins at an early age 
. 7. Complex life histories enable a species to exploit more than one habitat and niche. 


Comparison of the floras of extreme deserts and moist tropical forests provides 
an example of how a particular basic life history trait can predominate throughout an 
ecosystem type. Annual plants predominate in extreme deserts, where the survival of 
a perennial plant would be very low because of long periods of drought. Conversely, 
perennial life histories are favored in the tropical rain forest, where intense competi- 
tion and seed predation greatly reduce the survival of seedlings. This case can be con- 
sidered an example of the first predictive theory. 

W. P. Carson and Barrett (1988) and Brewer et al. (1994) noted that plant com- 
munities that were nutrient enriched for 11 years remained dominated by annuals 
such as Ambrosia trifida, A. artemisiifolia, and Setaria faberi, whereas unfertilized plots 
were dominated by perennials such as Solidago canadensis, Trifolium pratense, and As- 
ter pilosus. The inverse relationship between nutrient enrichment and plant commu- 
nity biodiversity was documented in Chapter 3. These examples illustrate how plant 
life histories relate to changes in resource availability in different ecosystem types (see 
Tilman and Downing 1994, regarding the relationship of biodiversity to stability). In- 
terest in life history strategies among many population ecologists began with a pio- 
neer paper by LaMont Cole (1954) entitled “The Population Consequences of Life 
History Phenomena,” which is recommended reading. Also recommended is Grime’s 
(1979) description of strategies in plant life histories as related to ecological and evo- 
lutionary theory. 
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Types of Interaction Between Two Species 


Statement 


Theoretically, populations of two species may interact in basic ways that correspond 

to combinations of neutral, positive, and negative (0, +, and —) as follows: 0 0, 

~—,++,+0,-0,and + —. Three of these combinations (+ +, — —, and + —) 

are commonly subdivided, resulting in nine important interactions and relationships. 

The terms applied to these relationships in the ecological literature are as follows (see 

Table 7-1 and Fig. 7-1): 

1. neutralism, in which neither population is affected by association with the other; 

2. competition, direct interference type, in which both populations actively in- 
hibit each other; 

3. competition, resource use type, in which each population adversely affects the 

other indirectly in the struggle for resources in short supply; 

amensalism, in which one population is inhibited and the other not affected; 

commensalism, in which one population is benefited, but the other is not affected; 


parasitism; and 


OVS 


predation, in which one population adversely affects the other by direct attack 
but nevertheless depends on the other; l 


8. protocooperation (also frequently referred to as facultative cooperation), in which 
both populations benefit by the association but their relations are not obliga- 
tory; and . 

9. mutualism, in which the growth and survival of both populations is benefited, 
and neither can survive under natural conditions without the other. 


Three trends in the occurrence of these relationships are especially worthy of 
emphasis: 
e Negative interactions tend to predominate in pioneer communities or in disturbed 
conditions where r-selection counteracts high mortality. 


* In the evolution and development of ecosystems (succession), negative inter- 
actions tend to be minimized in favor of positive interactions that enhance the 
survival of the interacting species in mature or crowded communities. 


* Recent or new associations are more likely to develop severe negative interactions 
than are older associations. 


Explanation 


The nine interactions listed in the Statement are analyzed in terms of a two-species 
relationship at the community level in Table 7-1, and a coordinate model of these 
interactions is displayed in Figure 7-1. All these population interactions are likely to 
occur in any large-scale biotic community, such as a large tract of forest, wetland, or 
grassland. For a given species pair, the type of interaction may change under differ- 
ent conditions or during successive stages in their life histories. Thus, two species 
might exhibit parasitism at one time, exhibit commensalism at another, and be com- , 
pletely neutral at still another time. Simplified communities (such as mesocosms) and 
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Table 7-1 


~ (negative term added to growth equation). - 


_Cheing a constant reflecting the efficiency of the other species. 
































Analysis of two-species population interactions 





Species Species 


Type of interaction 1 2 General nature of interaction 

Neutralism 0 0 Neither population affects the other 

Competition, direct = = Direct inhibition of each species by 

interference type the other 

Competition, resource = -` Indirect inhibition when common 

use type resource is in short supply 

Amensalism ; = 0 Population 1 inhibited, 2 not affected 

Commensalism + 0 Population 1, the commensal, benefits, 
while 2, the host, is not affected 

Parasitism l + - Population 1, the parasite, generally 
smaller than 2, the host 

Predation (including + - Population 1, the predator, generally 

herbivory) larger than 2, the prey 

Protocooperation + + Interaction favorable to both but not 
obligatory 

Mutualism + + interaction favorable to both and 
obligatory 





Note: 0 indicates no significant interaction; + indicates growth, survival, or other population attribute ben- 
efited (positive term added to growth equation); — indicates population growth or other attribute inhibited 


laboratory experiments allow ecologists to single out and quantitatively study the 
various interactions. Also, deductive mathematical models derived from such studies 
permit ecologists to analyze factors not ordinarily separable from the others. 
Growth equation models make definitions more precise, clarify thinking, and 
allow a determination of how factors operate in complex natural situations. If the 
growth of one population can be described by an equation, such as the logistic equa- 
tion, the influence of another population may be expressed by a term that modi- 
fies the growth of the first population. Various terms can be substituted according 
to the type of interaction. For example, in the case of competition, the growth rate 
of each population is equal to the unlimited rate minus its own self-crowding ef- 
fects (which increase as its population increases) minus the detrimental effects of the 


competing species, N, (which also increase as the numbers of both species, N and Np, 
increase), or 


Detrimental effects 


Growth rate = Unlimited rate — Self-crowding effects — Bi hnorhe epee, 


This equation will be recognized as the logistic equation (see Chapter 6), except: 
for the addition of the last term, “minus detrimental effects of the other species.” 
There are several possible results for this kind of interaction. If the competitive effi- 
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ciency, C, is small for both species, so that the interspecific depressing effects are less 
than the intraspecific (self-limiting) effects, the growth rate and perhaps the' final den- 
sity of both species will be depressed slightly; but both species will probably be able 
to live together, because the depressing interspecific effects will be less important than 
the competition within the species. Also, if the species exhibit exponential growth 
(with self-limiting factors absent from the equation), interspecific competition might 
provide the leveling-off function missing from the species’ own growth form. How- 
ever, if C is large, the species exerting the largest effect will eliminate its competitor 
or force it into another habitat. Thus, theoretically, species having similar require- 
ments cannot live together because strong competition will likely develop, causing 
one of them to be eliminated. These models suggest some of the possibilities; how 
these possibilities actually work out will be discussed later in this chapter. 

When both species of interacting populations have beneficial effects on each 
other instead of detrimental ones, a positive term is added to the growth equations. In 
such cases, both populations grow and prosper, reaching equilibrium levels that are 
mutually beneficial. If the beneficial effects of the other population (the positive term 
in the equation) are necessary for the growth and survival of both populations, the 
relation is known as mutualism. If, on the other hand, the beneficial effects only in- 
crease the size or growth rate of the population but are not necessary for growth or 
survival, the relationship comes under the heading of protocooperation. In both proto- 
cooperation and mutualism, the outcome is similar; the growth of either population is 
less or zero without the presence of the other population. When a balance is reached, 
the two populations pulse together, usually in a definite proportion. 

Consideration of population interactions, as shown in Table 7-1 and Figure 7-1, or 
in terms of the growth equations, avoids the confusion that often results when terms 
and definitions alone are considered. Thus, the term symbiosis is sometimes used in 
the same sense as mutualism. Because symbiosis literally means “living together,” the 
word is used in this book in its broad sense, without regard to the exact nature of the 
relationship. The term parasitism and the science of parasitology are generally con- 





‘Figure 7-1. Coordinate model of two-species interactions. 


Commensalism 


Neutralism 
00 


Amensalism 
-0 








286 CHAPTER 7 Community Ecology 








































sidered to deal with any small organism that lives on or in another organism, regard- 
less of whether its effect is negative, positive, or neutral. Various nouns have been pro- 
posed for the same type of interaction, adding to the confusion. When relations are 
diagrammed, however, there is little doubt about the type of interaction being con- 
sidered; the word or label then becomes secondary to the mechanism and its result. 

Note that the word “harmful” was not used in describing negative interactions. 
Competition and predation decrease the growth rate of affected populations, but this 
does not necessarily mean that the interaction is harmful either to long-term survival 
or by evolutionary considerations. In fact, negative interactions can increase the rate 
of natural selection, resulting in new adaptations. Predators and parasites often ben- 
efit populations that lack self-regulation, because they prevent overpopulation that 
otherwise might result in self-destruction. 


2 Coevolution 


Statement 


Coevolution is a type of community evolution (an evolutionary interaction among or- 
ganisms in which the exchange of genetic information among the kinds is minimal 
or absent). Coevolution is the joint evolution of two or more noninterbreeding spe- 
cies that have a close ecological relationship, such as plants and herbivores, large or- 
ganisms and their microorganism symbionts, or parasites and their hosts. Through 
reciprocal selective pressures, the evolution of one species in the relationship de- 
pends in part on the evolution of the other. 





Explanation 


Numeious interactive phenomena occur among sets of interacting species as dis- 
cussed in the previous section. Indeed, these interactions dominate the field of evo- 
lutionary ecology (see Pianka 2000 for a detailed description of this field of study). 
Interactions that begin as a competitive interaction between species may become 
beneficial or mutualistic interactions for both species through evolutionary time. As 
will be discussed in Chapter 8, species interactions appear to become more mutual- 
istic in mature communities and ecosystems compared to young systems in the early 
. Stages of ecosystem development. 

Using their studies of butterflies and plants as a basis, Ehrlich and Raven (1964) 
were among the first to outline the theory of coevolution as it is now widely accepted 
by students of evolutionary biology. This early seminal research focused on inter- 
actions between butterflies and the plants on which they feed. Ehrlich and Ravens 
hypothesis may be stated as follows: plants, through occasional mutations or recom- 
binations, produce chemical compounds not directly related to basic metabolic path- 
ways (that is, related to what is termed secondary chemistry) that are not inimical to 
normal growth and development. Some of these compounds either reduce the palat- 

ability of the plants to herbivores or are toxic to herbivores on ingestion. A plant thus 
protected from phytophagous insects would, in a sense, have entered a new adaptive 
zone. Evolutionary radiation of these plants might follow, and what began as a chance 
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mutation or recombination might eventually characterize an entire family or group 
of related families. Phytophagous insects, however, can evolve in response to these 
physiological obstacles, as shown by the widespread development of immune strains. 
Indeed, the response to secondary plant substances and the evolution of resistance 
to insecticides seem to be intimately connected (see Palo and Robbins 1991, Plant 
Defenses Against Mammalian Herbivory, on how these compounds inhibit or re- 
duce mammalian herbivory). If a mutant or recombinant appeared in a population 
of insects that enabled individuals to feed on the previously protected plant, selec- 
tion would carry that insect’s line into a new adaptive zone, allowing it to diversify 
in the absence of competition with other herbivores. In other words, the plant and 
the herbivore evolve together, in the sense that the evolution of each depends on 
the evolution of the other. The expression genetic feedback has been used for this 
kind of evolution, which leads to population and community homeorhesis within the 
ecosystem. 


Examples 


Perhaps coevolution can best be investigated and understood by studying inter- 
actions between two sets of species—most frequently species that represent different 
taxonomic groups. Hummingbird pollinators and the red-flowered plants that they 
pollinate represent a classic example of coevolution. Bumblebees, widely distributed 
species of the genus Bombus, are very important pollinators of both wild plants and 
important cultivated crops such as alfalfa, clover, beans, and blueberries. Heinrich 
(1979, 1980) assessed the interactions of flowers-and bumblebees on the basis of en- 
ergetics. He measured nectar production in terms of sugar available per flower and 
counted the number of visits by bees and the rate of removal of nectar in relation to 
time of day and temperature. Bees, unlike butterflies, have a high metabolic rate and 
must visit flowers frequently to make an energy profit. To attract these necessary pol- 
linators and to ensure their survival, many species of flowers have evolved the mech- 
anism of either blooming synchronously or growing in landscape patches. 
Herbivores exert strong selection pressure on the plant species that they graze 
(that is, the plants evolve to deter grazing). There exists an array of chemical com- 
pounds, frequently referred to as secondary compounds, that serves to deter herbi- 
vores. Secondary compounds are organic compounds produced by plants that are 
used in chemical defense. They are either toxic compounds or compounds, such as 
tannins, that make the plants less palatable. These compounds appear to represent 
specific biochemical and physiological adaptations by plants to the selection pres- 
sures caused by the herbivores. The herbivores, in turn, frequently adapt to these 
chemicals by changes in their own genetic or physiological metabolism. Thus, both 
herbivores and plants coevolve in this.“arms race” for increased survivorship. 
Grazing has also been shown to stimulate plant growth and increase net primary 
productivity. Thus, this interaction has evolved to be beneficial to both the herbivore 
and the select species on which-they graze. That reciprocal natural selection is not 
limited’ to two-species interactions was shown by Colwell (1973), who described 
how 10 diverse species—four flowering plants, three hummingbirds, one bird, and 
two mites—have coevolved to produce a fascinating tropical subcommunity. Co- 
evolution can also-involve-more than-one step in the food chain. Brower and Brower 
(1964) and Brower (1969), for example, studied:the monarch butterfly (Danaus plex- 
ippus), which is well known to be unpalatable in general to vertebrate predators. They 
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found that monarch caterpillars can sequester the highly toxic cardiac glycosides 
present in the milkweed plants on which they feed, thereby providing a highly effec- 
tive defense against bird predators not only for the caterpillar but also for the adult 
butterfly. Thus, the monarch butterfly has evolved the ability to feed on a plant that 
is unpalatable to other insects, and it also uses the plant poison for its own protec- 
tion against predators. It can be assumed that the numerous cases of mutualism de- 
scribed in the next section involve coevolution at various levels. 


Evolution of Cooperation: Group Selection 


Statement 


To account for the incredible diversity and complexity of the biosphere, scientists 
have postulated that natural selection operates beyond the species level and beyond 
coevolution. Group selection, accordingly, is defined as natural selection between 
groups or assemblages of organisms that are not necessarily closely linked by mutu- 
alistic associations. Group selection theoretically leads to the maintenance of traits 
favorable to populations and communities that may be selectively disadvantageous 
to genetic carriers within populations. Conversely, group selection may eliminate, or 
keep at low frequencies, traits unfavorable to the survival of the species but selec- 
tively favorable within populations or communities. Group selection involves posi- 
tive benefits that an organism may exert on the community organization required for 
that organism's continued survival. 


Explanation and Examples 


The “struggle for existence” and “survival of the fittest” (T. H. Huxley 1894) are not 
just a matter of “dog eat dog.” In many cases, survival and successful reproduction 
are based on cooperation rather than competition. How cooperation and elaborate 
mutualistic relationships get started and become genetically fixed has been difficult 
to explain in evolutionary theory, because when individuals first interact, it is nearly 
always advantageous for each individual to act in its own interest rather than to co- 
operate. Axelrod and Hamilton (1981) analyzed the evolution of cooperation and de- 
vised a model based on the prisoner’s dilemma game and on the theory of reciproca- 
tion as an extension of the conventional competition-based, survival-of-the-fittest 
genetic theory. In the prisoner's dilemma game, two “players” decide whether to co- 
operate or not on the basis of immediate benefits. On the first encounter, a decision 
not to cooperate (to defect) yields the highest reward for each individual, regardless 
of what the other individual does. However, if both choose not to cooperate, they 
both do worse than if both had cooperated. If individuals continue to interact (the 
“game” continues), the probability is that cooperation may be selected on a trial ba- 
sis and its advantages recognized. Deductions from the model show that coopera- 
tion based on such reciprocity can get started in an asocial environment and then de- 
velop and persist once fully established. Constant close contact between numerous 
individuals such as microorganisms and plants enhances the possibilities for inter- 
action with mutual benefit, such as has evolved between nitrogen-fixing bacteria and 
legumes. 
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It has also been suggested that altruism— sacrifice of fitness by one individual for 
the benefit of another—in related individuals (such as parents and offspring) can be 
the start of an evolution toward cooperation (even in unrelated species). Once genes 
favoring reciprocity have become established by kin selection, cooperation can spread 
into circumstances of less and less relatedness. 

David Sloan Wilson (1975, 1977, 1980) stated the case for group selection as fol- 
lows (1980, p. 97): 


Populations routinely evolve to stimulate or discourage other populations upon 
which their fitness depends. As such over evolutionary time an organism's fit- 
ness is largely a reflection of its own effect on the community and the reaction 
of the community to that organism’s presence. If this reaction is sufficiently 
strong, only organisms with a positive effect on their community persist. 


Wilson argued that selection between “structured demes” (closely knit genetic seg- 
ments of a population) facilitates group selection. He also drew an analogy between 
the paradox of individual versus community fitness in biological communities and 
private benefit compared with public benefit in human communities. 

Predator-prey and parasite-host interactions tend to become less negative over 
time. Gilpin (1975) proposed group selection in the development of a “prudence” 
trait that leads predators and parasites not to overexploit their prey or hosts, because 
to do so could lead to the extinction of both species involved in the interaction. The 
history of the myxomatosis virus introduced to control European rabbits (actually 
hares) in Australia is an example-of selection for reduced virulence. When first intro- 
duced, the parasite killed the rabbit within a few days. Subsequently, the virulent 
strain was replaced by a less virulent one that took two to three times as long to kill 
the host; hence, the mosquitoes that transmit the virus had a longer time to feed on 
infected rabbits. Because the avirulent strain did not destroy its food resource (rab- 
bit) as rapidly as the virulent strain, more and more avirulent-type parasites were pro- 
duced and were available for transmission to new hosts. Thus, interdemic selection 
favored the avirulent over the virulent strain; otherwise, both parasite and host would 
eventually have become extinct. 

Although few doubt that group selection occurs, its importance in evolutionary 
history remains controversial. The organized complexity that has developed in the 
natural world is difficult to explain solely by selection at the individual and species 
level; hence, higher-level selection and.the-process of self-organization have to play 
major roles. For more on group selection, see E. O. Wilson (1973, 1980, 1999), D. S. 
Wilson (1975, 1977, 1980), and: Maynard Smith (1976). 


Interspecific Competition and Coexistence 


Statement 


Competition-in the braadest sense refers to the.interaction of two organisms striving 
forthe same resource. Interspecific competition is any interaction that adversely af- 
feets the growth and survival of two-or more species populations. Interspecific com- 
petition can take two forms: (1) interference competition; and (2) expleitation competi- 
tion. The tendency for competition to bring about an ecological separation of closely 
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related or otherwise similar species is known as the competitive exclusion principle. Si- 
multaneously, competition triggers many selective adaptations that enhance the co- 
existence of a diversity of organisms in a given area or community. 


Explanation and Examples 


Ecologists, geneticists, and evolutionists have written much about interspecific com- 
petition. Generally, the word competition is used in situations in which negative influ- 
ences are due to a shortage of resources used by both species. Interspecific competi- 
tion is frequently discussed in terms of direct physical interaction versus exploitation 
competition. Interference competition occurs when two species come into direct 
contact with each other, such as fighting or defending a territory. Exploitation com- 
petition occurs when one species exploits a resource, such as food, space, or prey, in 
common with another species but without direct contact with that species. This in- 
direct exploitation of resources can provide a competitive advantage for one species 
against another. 

The competitive interaction can involve space, food or nutrients, light, waste ma- 
terials, susceptibility to carnivores, disease, and many other types of mutual interac- 
tions. The results of competition are of interest to evolutionary biologists and have 
been much studied as one of the mechanisms of natural selection. Interspecific com- 
petition can result in equilibrium adjustments between two species or, if severe, in 
one species population replacing another, or forcing the other to occupy another 
space or to use another food (whatever was the basis of the original competitive ac- 
tion). Closely related organisms having similar habits or morphologies often do not 
occur in the same places. If they do occur in the same places, they frequently use dif- 
ferent resources or are active at different times. The explanation for the ecological sep- 
aration of closely related (or otherwise similar) species has come to be known as the 
Gause principle (Gause 1932), after the Russian biologist who first observed such 
separation in experimental cultures (see Fig. 7-2), or the competitive exclusion 
principle, as designated by Hardin (1960). 

One of Gause’s original experiments with ciliates (Gause 1934, 1935) is a classic 
example of competitive exclusion (Fig. 7-2). Paramecium caudatum and Paramecium 
aurelia, two closely related ciliate protozoans, when grown in separate cultures, ex- 
hibited typical sigmoid population growth and maintained a constant population 
level in culture medium that was maintained with a fixed density of food items (bac- 
teria that did not themselves multiply in the medium and thus could be added at 
frequent intervals to keep the food density constant). When both protozoans were 
placed in the same culture, however, P. aurelia alone survived after 16 days. Neither 
organism attacked the other or secreted harmful substances; P. aurelia populations 
simply had a more rapid growth rate (higher intrinsic rate of increase) and thus “out- 
competed” P. caudatum for the limited amount of food under the existing conditions 
(a clear case of exploitation competition). By contrast, both Paramecium caudatum 
and Paramecium bursaria were able to survive and reach a stable equilibrium in the 
same culture medium. Although they were competing for the same food, P. bursaria 
occupied a different part of the culture, where it could feed on bacteria without com- 
peting with P. caudatum. Thus, the habitat proved to be sufficiently different for the 
two species to coexist, even though their food was identical. 

Some of the most widely debated theoretical aspects of competition theory Te- 
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Figure 7-2. Competition between 
two closely related species of protozoa 90 
that have similar niches. When separate, 
Paramecium caudatum and Paramecium 
aurelia exhibit normal sigmoid growth in 60 
controlled cultures with constant food 
supply; when both are cultured together, 
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x volve around what has become known as the Lotka-Volterra equations, so termed ' 
because the equations were proposed as models by Lotka (1925) and Volterra (1926) 
in separate publications. They are a pair of differential equations similar to the one i 
outlined in Section 1. Such equations are useful for modeling predator-prey, parasite- i 
host, competition, or other two-species interactions. In terms of competition within 
a limited space where each population has a definite K or equilibrium level, the s1- 
multaneous growth equations can be written in the following forms, using the logis- 
tic equation as a basis: 
4 dN, (4 -N, =) 
£ 7 — =r — 
g dt van Ky 
dN) _ (he 
— = rnn ~—+—+ 
dt K, 


where N, and N, are the numbers of Species 1 and 2, respectively, a is the compe- 
tition coefficient indicating the inhibitory effect of Species 2 on Species: 1, and £ is 
the corresponding competition coefficient signifying the inhibition of Species 1 on 
Species 2. 

To understand competition, one must consider not only the conditions and pop- 
ulation attributes that may lead to competitive exclusion but also the situations un- 
der which similar speeies coexist, because large numbers of species. do share common 
resources in the-open systems. of nature. Figure 7-3 presents what might be termed 
the Triboliuni-Trifolium model, which includes an experimental demonstration of ex- 
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Figure 7-3. The case for coexistence 
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two species in pure stands have a differ- 
ent growth form, reaching maturity at dif- 
ferent times. Because of this and other 
differences, the two species are able to 
coexist in mixed stands at reduced den- 
sity, even though they interfere with one 
another. Leaf area index is the ratio of 
leaf surface area to soil surface area in 
cm?/cm? (redrawn from Harper and Clat- 
worthy 1963). 
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clusion in paired species of beetles (Tribolium) and of coexistence in two species of 
clover (Trifolium). 

One of the most thorough long-term experimental studies of interspecific com- - 
petition was carried out at the University of Chicago in the laboratory of Thomas Park 

l (Park 1934, 1954). Park and his students and associates worked with flour beetles, 
especially those belonging to the genus Tribolium. These small beetles can complete 
their entire life history in a very simple and homogeneous habitat, namely, a jar of 
flour or wheat bran. The medium in this case is both food and habitat for larvae and 
adults. If fresh medium is added at regular intervals, a population of beetles can -be 
maintained for a long time. In energy flow terminology, this experimental setup is a 
stabilized heterotrophic ecosystem in which imports (subsidies) of food energy bal- 
ance respiratory losses. 

The investigators found that when two different species of Tribolium were placed 
in this homogeneous microcosm, one species invariably was eliminated sooner or 
later, whereas the other continued to thrive. One species always “wins,” or to put it 
another way, two species of Tribolium cannot survive in this particular one-habitat 
microcosm. The relative number of individuals of each species originally placed in 

~ the culture (the stocking rate) does not affect the eventual outcome, but the climate 
imposed on the ecosystem does have a great impact on which species of the pair wins 
out. One species (T. castaneum) always wins under conditions of high temperature 
and humidity, whereas the other (T. confusum) always wins under cool and dry con- 
ditions, even though either species can live indefinitely in any of the six climates, pro- 
vided it is alone in the culture. Population attributes measured in one-species cul- 
tures help explain some of the outcomes of the competitive action. For example, the 
species with the highest rate of increase, r, under the conditions of existence in ques- 
tion was usually found to win if the species difference in r was rather large. If the 
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growth rates differed only moderately, the species with the highest rate did not al- 
ways win. The presence of a virus in one population could easily tip the balance. 
Feener (1981) described a case in which a parasitic fly altered the competitive bal- 
ance between two species of ants. Also, genetic strains within the population may dif- 
fer greatly in competitive ability. 

Some of the most interesting experiments in plant competition were reported 
by J. L. Harper and associates, researching at the University College of North Wales 
(see J. L. Harper 1961; J. L. Harper and Clatworthy 1963). The results of one of these 
studies, shown in Figure 7-3, illustrate how a difference in growth form allows two 
species of clover to coexist in the same environment (same light, temperature, and 
soil). Of the two species, Trifolium repens grows faster and reaches a peak in leaf den- 
sity sooner. However, T. fragiferum has longer petioles and higher leaves and can 
overtop the faster-growing species, especially after T. repens has passed its peak, and 
thus avoid being shaded out. In mixed stands, therefore, each species inhibits the 
other, but both can complete their life cycle and produce seed, even though each co- 
exists at a reduced density. In this case, the two species, although competing strongly 
for light, could coexist because their morphology and the timing of their growth 
maxima differed. J. L. Harper (1961) concluded that two species of plants can persist 
together if the populations are independently controlled by one or more of the fol- 
lowing mechanisms: (1) different nutritional requirements (such as legumes and non- 
legumes); (2) different causes of mortality (such as differential sensitivities to graz- 
ing); (3) sensitivity to diffetent toxins (different responses to secondary chemicals), 
and (4) sensitivity to the same controlling factor (such as light or water) at different 
times (like the clover just described). 

Brian (1956) was among the first to distinguish between indirect or exploitation 
competition and direct or interference competition. Interference competition appears 
more frequently as we move up the phylogenetic tree of animal life, from simple 
filter-feeding protozoans and cladocerans, which usually compete in gathering food, 
to vertebrates, with their elaborate behavioral patterns of aggression and territorial- 
- ity. Slobodkin (1964) concluded on the basis of competition experiments with Hy- 

dra that these two types of competition overlap but that it is useful to distinguish be- 

tween the two processes on theoretical grounds. A general pattern emerging from the 

literature on competition is that competition is most severe—and competitive ex- 

clusion most likely to occur—in systems where immigration and emigration are ab- 

sent or reduced, such as in laboratory cultures or mesocosms or on islands or other 

natural systems with substantial barriers to inputs and outputs. The probability of co- 
- existence is higher in the more typical open systems of nature. 

Interspecific competition in plants in the field has been much studied and is gen- 
erally believed to be an important factor in bringing about a succession of species (as 
will be described in Chapter 8). The strongest evidence regarding the importance of 
competition in nature comes from studies of how species respond to experimental ad- 
ditions or removals of potential competitors (Connell 1961, 1972, 1975; Paine 1974, 
1984; Hairston 1980). Connell’s (1961) classic study of competition among barnacles . 
in natural settings is a splendid example of a well-designed field experiment. Con- 
nell’s investigation was conducted on the rocky coast of Scotland, where two barnacle 
species typically occupy different locations in the intertidal zone. The smaller of the 
two species, Chthamalus stellatus, occurs higher in the intertidal zone than the larger 
species, Balanus glandula. Figure 7-4A presents a “barnacle model” based on the ex- 
perimental studies of J. H. Connell. The intertidal zone on a rocky eastern seacoast 
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Figure 7-4. (A) Factors that control A 
the distribution of two species of barna- 
cles in an intertidal gradient. The young 
of each species settle over a wide range Adults Larvae (Desiccation) (Competition Tide levels 
but survive to adulthood in a more re- Predation) Mean high 
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provides a miniature gradient from a physically stressed to a more biologically con- 
trolled environment (Fig. 7-4B). Connell found that the larvae of two species of bar- 
nacles settled over a wide range of the intertidal zone but survived as adults in a much 
more restricted range. The larger species, Balanus, was found to be restricted to the 
lower part of the zone because it could not tolerate long periods of exposure at low 
tide. The smaller species, Chthamalus, was excluded from the lower zone by compe- 
tition with the larger species and by predators that are more active below the high 
tide mark. Accordingly, the physical stress of desiccation was identified as the main 
controlling factor in the upper part of the gradient, whereas interspecific competition 
and predation were more important controlling factors in the lower zones. This model 
can be considered to apply to more extensive gradients such as an Atctic-to-Tropics 

` or a high-to-low-altitude gradient, provided one remembers that all models are, to 
varying degrees, oversimplifications.* 
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Robert Paine at the University of Washington demonstrated that predation played 
a major role in shaping the structure of biological communities by influencing the 
outcome of competitive interactions between prey species. The intertidal zone on an 
exposed rocky shore on the West Coast of the United States harbors several species 
of barnacles, mussels, limpets, and chitons. These species are preyed on by the sea 
star Pisaster ochraceus. Following the removal of sea stars from experimental plots, 
the number of prey species in the removal plots decreased rapidly from 15 to 8 
by the end of the investigation. Diversity decreased because populations of bar- 
nacles and mussels, superior competitors for space in the absence of predators (sea 
stars in this case), crowded out many of the prey species. This elegant study demon- 
strated how predation shaped the biological community and regulated biotic diver- 
sity (Paine 1974). 

Morphological differences that enhance ecological separation may arise by an 
evolutionary process termed character displacement. For example, in central Eu- 
rope, six species of titmice (small birds of the genus Parus) coexist, segregated partly 
by habitat and partly by feeding areas and size of prey, which is reflected in small dif- 
ferences in length and width of the bill. In North America, more than two species of 
titmice are rarely found in the same locality, even though seven species are present 
on the continent as a whole. Lack (1969) suggested that the American species of tit- 
mice are at an earlier stage in their evolution than the European species, and their dif- 
ferences in beak, body size, and feeding behavior are adaptations to their respective 
habitats and are not yet adaptations for permitting coexistence in the same habitat. 

The general theory of the role of competition in habitat selection is summarized 
in Figure 7-5. The curves represent the range of habitat that can be tolerated by the 
species, with optimum and marginal conditions indicated. Where there is compe- 
tition with other closely related or ecologically similar species, the range of habitat 
conditions that the species occupies generally becomes restricted to the optimum 
(that is, to the most favorable conditions under which the species has an advantage 
in some manner over its competitors). Where interspecific competition is less severe, 
intraspecific competition generally brings about a wider choice of habitats. 

Islands are good places to clearly observe the tendency for a wider selection of 
habitats to occur when potential competitors fail to colonize. For example, meadow 
voles (Microtus) often occupy forest habitats on islands where their forest competi- 
tors, the red-backed voles (Clethrionomys), are absent. 

Just because closely related species are sharply separated in nature does not, of 
course, mean that competition is actually operating continuously to keep them sep- 
arated; the two species may have evolved different requirements or preferences that 
effectively reduce or eliminate competition. For example, in Europe, one species of 


Figure 7-5. The effect of competition on habitat distribu- 
tion. When intraspecific competition dominates, the species 
spreads out and occupies less favorable (marginal) areas; 
where interspecific competition is intense, the species tends 
to be restricted to a narrower range, representing the opti- 
mum conditions. 
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Rhododendron (R. hirsutum), is found on calcareous soils, whereas another species 
(R. ferrugineum) is found on acidic soils. The requirements of the two species are such 
that neither can live at all in the opposite type of soil, so there is never any actual com- 
petition between them. Teal (1958) made an experimental study of habitat selection 
of species of fiddler crabs (Uca), which are usually separated in their occurrence in 
salt marshes. One species, U. pugilator, is found on open, sandy flats; another, U. pug- 
nax, is found on muddy substrates covered with marsh grass. Teal found that one spe- 
cies would tend not to invade the habitat of the other even in the absence of the other, 
because each species would dig burrows only in its preferred substrate. The absence 
of active competition, of course, does not mean that competition in the past can be 
ruled out as a factor in originally bringing about the isolating behavior. 

Two closely related species of aquatic birds, the shag (Phalacrocorax aristotelis) 
and the cormorant (P. carbo), are found together in England during the breeding sea- 
son, but feed on entirely different kinds of fish. Therefore, they are not in direct com- 
petition for food resources (that is, the niche of the two species is different). This is an 
example of neutralism (0 0) as described in Table 7-1 and illustrated in Figure 7-1. 


5 Positive/Negative Interactions: Predation, 
Herbivory, Parasitism, and Allelopathy 


Statement 


Predation and parasitism are familiar ‘examples of interactions between two popula- 
tions that result in negative effects on the growth and survival of one population and 
positive or beneficial effects on the other. When the predator is a primary consumer 
(usually an animal), and the prey or “host” is a primary producer (plant), the inter- 
action is termed herbivory. When one population produces a substance harmful to 
a competing population, the term allelopathy is commonly used for the interaction. 
Accordingly, there are a variety of + — relationships. 

The negative effects tend to be quantitatively small when the interacting popula- 
tions have had a common evolutionary history in a relatively stable ecosystem. In 
other words, natural selection tends to lead either to a reduction in detrimental ef- 
fects or to the elimination of the interaction altogether, as the continued severe de- 
pression of a prey or host population by the predator or parasite population can only 
lead to the extinction of one or both populations. Consequently, a severe impact of 
predation or parasitism is most frequently observed when the interaction is of recent 
origin (when two populations have just become associated) or when large-scale or 
sudden changes have occurred in thé ecosystem (as might be produced by humans). 
In other words, over the long term, parasite-host or predator-prey interactions tend 
to evolve to coexistence (recall the discussion of reward feedback in Chapter 4). 


Explanation and Examples 


It is frequently difficult for students, or for people in general, to approach the subject 
of parasitism and predation objectively. People have a natural aversion to parasitic or- 
ganisms, whether bacteria or tapeworms. Although human effects on Earth as pred- 








SECTION 5  Positive/Negative interactions: Predation, Herbivory, Parasitism, and Allelopathy 297 


ators and perpetrators of epidemics in nature are extensive, people tend to condemn > 
all other predators without ascertaining whether these predators are actually detri- 

mental to human interests. The idea that “the only good hawk is a dead hawk” is a 

most uncritical generalization. 

A way to be objective is- to consider predation, parasitism, herbivory, and al- 

na lelopathy from the population and community levels of organization, rather than 

E from the individual level. Predators, parasites, and grazers certainly kill or injure the 
7 individuals that they feed or secrete toxic chemicals on, and they depress, in some 

measure at least, the growth rate of their target-populations or reduce the total pop- 

ulation size. But does this mean that these populations would be healthier without : 
consumers or inhibitors? From the long-term, coevolutionary viewpoint, are preda- : 
tors the sole beneficiaries of the association? As pointed out in the discussion of pop- 
ulation regulation (Chapter 6), predators and parasites help keep herbivorous insects 
at a low density so they will not destroy their own food supply and habitat. In Chap- 
ter 3, we discussed how animal herbivores and plants have evolved an almost mutu- 
alistic (+ +) relationship. 

Deer populations are often cited as examples of populations that tend to irrupt 
when predator pressure is reduced. The Kaibab deer herd, as originally described by 
Leopold (1943) on the basis of estimates by Rasmussen (1941), allegedly increased 
from 4000 (on 700,000 acres on the north side of the Grand Canyon in Arizona) in 
a 1907 to 100,000 in 1924, coincident with a predator removal campaign organized 
q by the U.S. government. Caughley (1970) reexamined this case and concluded that 
although there is no question that the deer did increase, overgraze, and then decline, 
there is doubt about the extent of the overpopulation, and there is no evidence that 
it was due solely to the removal of predators. Cattle and fire may also have played a i 
part. Caughley believed that irruptions of ungulate populations are more likely to re- 
sult from changes in habitat or food quality, which enable the population to “escape” 
from the usual mortality control. : 

One thing is clear: the most violent irruptions occur when a species is introduced q 
into a new area, where there are both unexploited resources and a lack of negative 
interactions. The population explosion of rabbits introduced into Australia is a well- 
known example-among the thousands of cases of severe oscillations that result when d 
species with high biotic potential are introduced into new areas. An interesting sequel ` 
to the attempts to control the irruption of rabbits by introducing a disease organism 
has provided evidence for group'selection in a parasite-host system (as discussed in 
Section 3). 

The most important generalization is that negative interactions become less neg- j 
ative with time if the ecosystem is sufficiently stable and spatially diverse to allow 
reciprocal adaptations. Parasite-host or predator-prey populations introduced into 
experimental microcosms or mesocosms usually oscillate violently, with a certain 
probability of extinction. Pimentel and Stone (1968), for example, have shown ex- 
perimentally (Fig. 7-6) that violent oscillations occur when a host, such as the house 
fly (Musca domestica) and a parasitic wasp (Nasonia vitripennis) are first placed to- 
gether in a limited culture system. When individuals selected from cultures that had 
managed to survive the violent oscillations for two years were then reestablished in 
new cultures, it was evident that through genetic selection, an ecological homeo- 
thesis had evolved in which both populations could now coexist in a much more 
stable equilibrium. 

In the real world of humans and nature, time and circumstances may not favor 
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Figure 7-6. Evolution of coexistence 
in the host-parasite relationship between A Newly associated 
house fly (Musca domestica) and par- 
asitic wasp (Nasonia vitripennis) pop- 
ulations in a laboratory investigation. 
(A) Newly associated populations (wild 
stocks brought together for the first time) 
oscillated violently, as first the host (fly) 
and then the parasite (wasp) density in- 
creased and crashed. (B) Populations: 
derived from colonies in which the two 
species had been associated for two 
years coexisted in a more stable equi- 
librium without crashes. The experiment 
demonstrates how genetic feedback can 
function as a regulatory and stabilizing 
mechanism in population systems (re- 
drawn from Pimentel and Stone 1968). 


. 





After two years association 


Population density 
w 


see 


PON ae tt ee om 


-~ 
ee ee Si 





0 10 20 30 40 50 60 70 80 
Weeks 


—— Host --- Parasite 


such reciprocal adaptation by new associations. There is always the danger that the 
negative reaction may be irreversible, in that it leads to the extinction of the host. The 
chestnut blight in America is a case in which the question of adaptation or extinction 
hangs in the balance. 

- Originally, the American chestnut tree (Castanea dentata) was an important mem- 
ber of the forests of the Appalachian region of eastern North America, often consti- 
tuting up to 40 percent of total forest biomass. It had its share of parasites, diseases, 
and predators. Likewise, the Oriental chestnut trees (Castanea mollissima) of China— 
a different but related species—had their share of parasites, including the fungus 
Endothia parasitica, which attacks the bark of the stems. In 1904, the fungus was ac- 
cidentally introduced into the United States. The American chestnut tree proved to 

- be nonresistant to this new parasite. By 1952, all the large chestnut trees had been 
killed, their gaunt, gray trunks becoming a characteristic feature of Appalachian for- 
ests (Fig. 7-7). The chestnut tree continues to sprout up from the roots, and such 
sprouts may produce fruits before they die, but no one can say whether the ultimate 
outcome will be extinction or adaptation. For all practical purposes, the chestnut tree 
has been removed as a major influence in the forest. 

The preceding examples are not just cases handpicked to prove a point. If the stu- 
dent will do a little research in the library, she or he can find similar examples show- 
ing (1) that where parasites or predators have long been associated with their re- 
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spective hosts or prey, the effect is moderate, neutral, or even beneficial from the 
long-term viewpoint; and (2) that newly acquired parasites or predators are the most 
damaging. In fact, a list of the diseases, parasites, and insect pests that cause the 
greatest loss in agriculture or forestry would include mostly species that have recently 
been introduced into a new.area, such as the chestnut blight, or that have acquired a 
new host or prey. The European corn ear worm (Helicoverpa zea), the gypsy moth 
(Lymantria dispar), the Japanese beetle (Popillia japonica), and the Mediterranean fruit 
_ fly (Ceratitis capitata) are just a few introduced insect pests that belong to this cate- 
gory. The lesson, of course, is to avoid introducing new potential pests and to avoid, 
wherever possible, the stressing of ecosystems with poisons that destroy useful as 
well as pest organisms. Much the same principle applies to severe human diseases: 
the most feared are the newly acquired. For a recent discussion regarding the intro- 
duction of new predators and pathogens on resident species at the community, meta- 
community, and global levels, see M.'A. Davis (2003). Simberloff (2003) described the 
need for more population biological research in order to control introduced species 
based on sound ecological theory. 
Of special interest are organisms intermediate between predators and parasites 
—for example, the so-called parasitic or parasitoid insects. These organisms often 
3 can consume the entire individual prey, as does the predator, yet they have the host 
4 specificity, high biotic potential, and small size of the parasite. Entomologists have 
3 propagated some of these organisms artificially, using them to control insect pests. In 
general, attempts to make similar use of large, unspecialized predators have not been 
successful. For example, the mongoose (Herpestes edwardsi) introduced in the Carib- 
bean Islands to control rats in sugarcane fields has more severely reduced ground- 
¥ nesting birds than rats. If the predator is small, is specialized in its choice of prey, and 
E ~ has a high biotic potential, control can be effective. 

Most general theories proposed to explain the trophic structure of plant commu- 
nities pay little attention to the potentially profound influence of insect herbivores. 
Indeed, most theories of trophic interactions and community regulation suggest that 
insect herbivory will have little influence on terrestrial vegetation, particularly on net 
primary production (see, for example, Hairston et al. 1960; Oksanen 1990). Many ar- 











Figure 7-7. Results of the chestnut 
= blight in a southern Appalachian region, 
illustrating the extreme effect that.a par- 
asitic organism (fungus, Endothia para- 
sitica) introduced from the Old World 
had on a newly acquired host (American 
chestnut tree, Castanea dentata). 





ve Hickman dr. /Visuals | 






300 CHAPTER 7 Community Ecology 


Figure 7-8. The plot on the left was 
sprayed with insecticide for eight years 
and is dominated by a dense stand of 
the goldenrod Solidago altissima. Sur- 
rounding plots were left as unsprayed 
controls. This photograph was taken two 
years after an outbreak of the chryso- 
melid beetle Microrhopala vittata defoli- 
ated numerous stems of S. altissima. 
These outbreaks occur every 5-15 years 
and typically exert a Strong influence on 


standing crap biomass (after W. P. Car- 
sonand Root 2000), 





Courtesy of Walter Carson 


gue that predators and parasites keep insect herbivores from causing major damage to 
their host plants in terrestrial communities (Strong et al. 1984; Spiller and Schoener 
1990; Bock et al. 1992; Marquis and Whelan 1994; Dial and Roughgarden 1995) and 
that insect herbivores typically consume only a small amount of the available net pri- 
mary production (Hairston et al. 1960; Strong, Lawton, et al. 1984; Crawley 1989; 
Root 1996; Price 1997). 

A different view holds that insects only damage or consume a small amount of 
their host plants because most plant species are well defended or have low nutritional 
value (Hartley and Jones 1997). Lawton and McNeil (1979) suggested that herbivo- 
Tous insects are caught between the interacting forces of predators and parasites on 
the one hand and unpalatable or low-quality plants on the other. Regardless of which 
view one holds, the conclusion is the same: herbivorous insects will have a negligible 
influence on plant community structure, composition, and productivity (Pacala and 
Crawley 1992). Pacala and Crawley (1992) concluded that “herbivores often have 
little effect on communities,” although later Crawley (1997) noted that there was an 
insufficient number of studies of insect herbivory from which to generalize. 

More recently, however, it has been found that the removal of arthropods can also 
cause significant changes in community structure and function. Studies by V. K. Brown 
(1985) and W. P. Carson and Root (1999) have demonstrated that the exclusion of 
herbivorous insects with insecticides causes major changes in flowering frequency 
and plant species composition in old-field communities. W. P. Carson and Root 
(2000) demonstrated that insect herbivores could have a very strong top-down effect 
on plant communities, but this occurred primarily during insect outbreaks. Using 
insecticide-treated and control plots, they examined the long-term (10-year) effects 
of suppressing insects on the structure and diversity of an old field dominated by the 
goldenrod Solidago altissima (Fig. 7-8). An outbreak of the chrysomelid beetle Micro- 
rhopala vittata, which specializes on S. altissima, occurred during the experiment and. 
persisted for several years. The damage caused by this outbreak dramatically reduced 
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the biomass, density, height, survivorship, and reproduction of S. altissima. Herbi- 
vore exclusion caused the formation of dense stands of goldenrods with a twofold in- 
crease in both standing crop biomass and litter. The understory in these dense stands 
had significantly lower plant abundance, species richness, flowering shoot produc- 
tion and light levels; these conditions persisted for years following the outbreak. 
Thus, M. vittata functioned as a keystone species. Furthermore, insect herbivory in- 
directly increased the abundance of invading trees, thereby increasing the rate of suc- 
cession by speeding up the transition of this old field to a tree-dominated stage. 

W. P. Carson and Root (2000) argued that insect outbreaks may be extremely im- 
portant in community dynamics, but for the most part are ignored in theories of com- 
munity regulation. The observations (1) that native phytophagous herbivores period- 
ically irrupt (pulse) and reduce the abundance and vigor of dominant plant species; 
(2) that these outbreaks may occur more readily in dense or lush concentrations of 
their hosts; and (3) that an outbreak may occur more than once during the life span 
of a long-lived host, suggest that insect outbreaks may play a very important role in 
plant community regulation and dynamics. 

As manipulators of ecosystems, human beings are slowly learning how to be a 
prudent predator (when and how much biomass to harvest without damaging the 
system or relationship). The problem can be approached experimentally by setting 
up test populations in microecosystems. In one such experimental model, shown in 
Figure 7-9, guppies (Lebistes reticulatus) were used to mimic a commercial fish pop- 
ulation being exploited by humans. As shown, the maximum sustained yield was ob- 
tained when one third of the population was harvested during each reproductive pe- 
riod, which reduced the equilibrium density to slightly less than half the unexploited 

one. Within the limits of the experiment, these ratios tended to be independent of the 
carrying capacity of the system, which was varied at three levels by manipulating the : 
food supply. ; 
- One-species models often prove to be oversimplifications, because they do not 
account for competing species that may respond to the reduced density of the har- i 
vested species by increasing their own density and using up food or other resources i 





Figure 7-9. . Biomass and yield in test _ 
populations of the guppy (Lebistes re- 64 
ticulatus) exploited at different rates 

(shown as percentage removal per re- 5 
productive period) at three different diet 

levels. The highest yields were obtained 

when about one third of the population 4 | 
was harvested per reproductive period 
and mean biomass was reduced to less 
than half that of the unexploited popula- 
tion (yield curves skewed to the left) (af- 
ter Silliman 1969). a 
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needed io sustain the exploited species. Top predators such as humans (or major 
grazers such as cattle) can easily tip the balance of a competitive equilibrium so that 
the exploited species is replaced by another species that the predator or grazer may 
not be prepared to use. In the real world, examples of such shifts are being docu- 
mented ever more often as human beings strive to become more “efficient” at fishing, 
hunting, and harvesting plants. This situation poses both a challenge and a danger: 
one-species harvest systems and monocultural systems (such as one-crop agriculture) are 
inherently unstable because, when stressed, they are vulnerable to competition, dis- 
ease, parasitism, predation, and other negative interactions. Some examples of this 
general principle are to be found in the fishing industry. 

Myers and Worm (2003) evaluated the effects of industrial fishing on fish com- 
munity biomass and composition for large predatory fishes in four continental-shelf 
and nine oceanic systems. They estimated that large predatory fish biomass is only 
about 10 percent of pre-industrial levels. They concluded that the decline of large 
predators in coastal regions has extended throughout the global ocean, resulting in 
serious consequences, such as relatively low economic yields. Thus, the reduction of 
fish biomass to low levels may compromise the sustainability of the fishing industry 
and will require a global management approach to address its consequences. 

The stress of predation or harvest often affects the size of individuals in the ex- 
ploited populations. Thus, harvesting at the maximum sustained yield level usually 
reduces the average size of fish, just as maximizing timber yields for volume of wood 
reduces the size of trees and the quality of the wood. As reiterated many times in this 
book, a system cannot maximize quality and quantity at the same time. In a classic 
study, Brooks and Dodson (1965) described how large species of zooplankton are re- 
placed by smaller species when zooplankton-feeding fish are introduced into lakes 
that formerly lacked such direct predators. In this case, in which the ecosystem is rel- 
atively small, both the size and species composition of a whole trophic level may be 
controlled by one or a few species of predators. The contrast between predator- 
driven and resource-driven food webs was detailed in Chapter 6. 

Amensalism is where one species has a marked negative effect on the other, but 
there is no detectable reciprocal effect (— 0). Lawton and Hassell (1981) refer to this 
interaction as asymmetrical competition. Amensalism is just one evolutionary step 
from interactions such as allelopathy (~ +). 

Classic examples of allelopathy can be cited from the work of C. H. Muller, who 
studied inhibitors produced by shrubs in the vegetation of the California Chaparral. 
These investigators have not only examined the chemical nature and physiological 
action of the inhibitory substances but have also shown that they are important in 
regulating the composition and dynamics of the community (C. H. Muller et al. 
1964, 1968; C. H. Muller 1966, 1969). Figure 7-10 shows how volatile terpenes pro- 
duced by two species of aromatic shrubs inhibit the growth of herbaceous plants. The 
volatile toxins (notably cineole and camphor) are produced in the leaves and accu- 
mulate in the soil during the dry season to such an extent that when the rainy season 
comes, the germination and subsequent growth of seedlings is inhibited in a wide 
belt around each shrub group. Other shrubs produce water-soluble antibiotics of a 
different chemical nature (such as phenols and alkaloids), which also favor shrub 
dominance. However, periodic fires, which are an integral part of the ecosystem of 
the Chaparral, effectively remove the source of the toxins, denaturing those accumu- 
lated in the soil and triggering the germination of fire-adapted seeds. Accordingly, 
fire is followed in the next rainy season by a conspicuous blooming of annuals, which 
continue to appear each spring ‘until the shrubs grow back and the toxins again be- 
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Figure 7-10. (A) Aerial view of aro- A 
matic shrubs Salvia leucophylla and 
Artemisia californica invading an annual 
grassland in the Santa Inez Valley of 
California and exhibiting biochemical in- 
hibition. (B) Close-up showing the zona- 
tion effect of volatile toxins produced by 
Salvia shrubs seen to the center-left of 
A. Between A and B is a zone 2 meters 
wide, bare of all herbs except for a few 
minute, inhibited seedlings. The root sys- 
tems of the shrubs that extend under 
part of this zone are thus free from com- 
petition with other species. Between B 
and C is a zone of inhibited grassland 
consisting of smaller plants and fewer - 
species than in the uninhibited grass- 
land seen to the right of C. , 





Courtesy of C 1H Mallar 








come effective. The interaction of fire and antibiotics thus perpetuates cyclic changes 
in composition that are the adaptive feature of this type of ecosystem. 

Allelopathic effects have a significant influence on the rate and species sequence 
of plant succession and on the species composition of stable communtiies. Chemical 
interactions affect the species diversity of natural communities in both directions; 
strong dominance and intense allelopathic effects contribute to low species diversity 
in some communities, whereas a variety of chemical accommodations are part of the 
basis (as aspects of niche differentiation) of the high species diversity of others 
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Table 7-2 


Community Ecology 


Comparison of apparent and cryptic plants 





Apparent plants Cryptic plants 

Common Rare 

Woody perennials Herbaceous annuals 

Slow growing (competitive) Fast growing (fugitive) 

Late seral stages Early seral stages 

Certain to be found by herbivores Protected from herbivores in time and 
space 

Produce expensive antiherbivore Produce inexpensive chemical defenses 

defenses (such as tannins) (such as poisons or toxins) 

Quantitative defenses constitute Qualitative defenses may be broken down 

effective ecological barriers to by detoxification mechanisms 

herbivores 





Source: After Pianka 2000. 


Attempts have been made to generalize about the coevolution of herbivores and 
plant antiherbivore tactics. Feeny (1975), for example, argued that rare or ephemeral 
plant species are difficult to find and, hence, are protected in time and space. More- 
over, he asserted that such cryptic plants have evolved a diversity of qualitative de- 
fenses, such as chemically inexpensive poisons and toxins, that constitute effective 
evolutionary barriers to herbivory by the herbivores most likely to find cryptic plants. 
In contrast, Feeny reasoned, abundant or persistent plant species (apparent plants) 
cannot prevent herbivores from finding them either in ecological or evolutionary 
time. Such apparent species appear to have evolved more expensive quantitative de- 
fenses, such aè leaves high in tannins and antiherbivore defense chemicals, and adap-, 
tations such as tough leaves and thorns. 

Table 7-2 summarizes the coevolutionary differences between plants with high and 
low apparency and quantitative versus qualitative defenses. Readings on this topic 
include D. F. Rhoades and Cates (1976); Futuyma (1976); Futuyma and Slatkin 
(1983): Palo and Robbins (1991); Gershenzon (1994); and Hunter (2000). 


Positive interactions: Commensalism, 
Cooperation, and Mutualism 


Statement 


Associations between two populations of species that result in positive effects are 
exceedingly widespread and probably as important as competition, parasitism, and 
other negative interactions in determining the function and structure of populations 
and communities. Positive interactions may be conveniently considered in an evolu- 
tionary series as follows: “ i 
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* —commensalism— one population benefits; 
e —protocooperation—both populations benefit; and 


* mutualism—both populations benefit and become completely dependent on each 
other. 


Explanation 


Several decades after Darwin, the Russian Prince Pétr Alekseevich Kropotkin pub- 
lished a book entitled Mutual Aid: A Factor of Evolution (Kropotkin 1902). Kropotkin 
chided Darwin for his overemphasis on natural selection as a bloody battle (Ten- 
nyson's “red in tooth and claw” metaphor). He outlined in considerable detail how 
survival was often enhanced by—or even dependent on—one individual helping 
another or one species aiding another for mutual benefit. 

Kropotkins writings were influenced by his personal philosophy of peaceful co- 
existence. Like Mahatma Gandhi and Martin Luther King, Jr., who made their con- 
tributions later, he was a firm believer in nonviolent solutions to human conflict. At 
the time he wrote Mutual Aid, he was a political refugee living in England. A large por- 
tion of his book is devoted to documenting the importance of cooperation in primi- 
tive human societies, rural villages, and labor union guilds as well as among animals 
(for more information on Kropotkin, see S. J. Gould 1988; Todes 1989). 

Lynn Margulis convinced biologists after a long battle that eucaryotes originated 
through fusion of an archaebacterium with some eubacteria. It is now understood 
that mitochondria in all eucaryotes and chloroplasts in plants were once indepen- 
dently living procaryotes. They are examples, much like corals and lichens, of how 
integrating symbionts evolved into mutualistic entities. 

In their book Acquiring Genomes, Margulis and Sagan (2002) advanced a theory 
that speciation is not due to random events and neo-Darwinian processes, such as 
mutation and natural selection acting through competition; rather, they argued, spe- 
ciation events are caused by interacting symbionts, cooperation, and reticulation of 
genomes. Their theory questions some of the central tenets of Darwinism. They spec- 
ulated that Darwin was wrong to emphasize competition and natural selection as the 
sole forces shaping speciation and evolution; instead, they postulated that coopera- 
tion and mutualism drive evolution. This theory promises to become a fertile area of 
research during the twenty-first century. 

Until recently, positive interactions were not subjected to as much quantitative 
study as negative interactions. One might reasonably assume that negative and posi- 
" tive relations between populations eventually tend to balance one another, and that 
both are equally important in the evolution of species and in the stabilization of the 
ecosystem. i 

Commensalism is a simple type of positive interaction and perhaps represents 
the first step toward the development of beneficial relations (see Table 7-1). It is es- 
pecially common between sessile plants and animals on the one hand and mobile or- 
- ganisms on the other. Practically every worm burrow, shellfish, or sponge contains: 
various “uninvited guest” organisms that require the shelter of the host but do nei- 
ther harm nor good in return. Oysters, for example, sometimes have a small, delicate 
crab in the mantle cavity. These crabs are usually commensal, although. sometimes 
they overdo their guest status by partaking of the host's tissues. Dales (1957), in his. 
early review of marine commensalism, listed 13 species that live as guests in the bur- 
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rows of large sea worms (Erechis) and burrowing shrimp (Callianassa and Upogebia). 
This array of commensal fish, clams, polychaete worms, and crabs lives by snatching- 
surplus or rejected food or waste materials from the host. Many commensals are not 
host specific, but some apparently are found associated with only one species of host. 

It is but a short step from commensalism to a situation in which both organisms 
gain by an association or interaction of some kind; this relationship is termed proto- 
cooperation. W. C. Allee (1951) studied and wrote extensively about this subject. He 
stressed the importance of cooperation and aggregation among species—a principle 
frequently termed the Allee principle of aggregation (discussed in Chapter 6). He be- 
lieved that cooperation between species is to be found throughout nature. Returning 
to the sea for an example, crabs and coelenterates often associate with mutual benefit. 
The coelenterates grow on the backs of the crabs (and are sometimes “planted” there 
by the crabs), providing camouflage and protection (as coelenterates have stinging 
cells). In turn, the coelenterates are transported about and obtain particles of food 
when the crab captures and eats another animal. 

In the preceding example, the crab does not absolutely depend on the coelenter- 
ate, nor vice versa. A further step in cooperation results when each population be- 
comes completely dependent on the other. Such cases have been termed mutualism 
or obligate symbiosis. Often quite diverse kinds of organisms are associated. In fact, 
instances of mutualism are most likely to develop between organisms with widely dif- 
ferent requirements (organisms with similar requirements are more likely to get in- 
volved in competition). The most important examples of mutualism develop between 
autotrophs and heterotrophs, which is not surprising, as these two components of the 
ecosystem must ultimately achieve some kind of balanced symbiosis. Examples that 
would be labeled as mutualistic go beyond general community interdependence to 
the extent that one particular kind of heterotroph becomes completely dependent on 
a particular kind of autotroph for food, and the latter becomes dependent on the pro- 
tection, mineral cycling, or other vital functions provided by the heterotroph. The 
different kinds of partnerships between nitrogen-fixing microorganisms and higher 
plants were discussed in Chapter 4. Mutualism is also common between micro- 
organisms that can digest cellulose (and other resistant plant residues) and animals 
that do not have the necessary enzyme systems for this purpose. As previously sug- 
gested, mutualisth seems to replace parasitism as ecosystems evolve toward maturity, 
and it seems to be especially important when some aspect of the environment is lim- 
iting (such as water or infertile soil). 


Examples 


Obligate symbiosis between ungulates (such as cattle) and rumen bacteria is a well- 
studied example of mutualism. The anaerobic nature of the rumen system is ineffi- 
cient for bacterial growth (only 10 percent of the energy in grass or hay eaten by the 
cow is assimilated by the bacteria), but the very nature of this inefficiency constitutes 
the reason that the ruminant can subsist at all on such a substrate as cellulose. The 
major portion of the residual energy of microbial action consists of fatty acids that are 
converted from cellulose but are not further degraded. These end products, however, 
are directly available for assimilation by the ruminant. Accordingly, the partnership 
is very efficient for the ruminant, because it gets most of the energy in the cellulose, 
which it could not obtain without the help of the bacteria. In return, of course, the 
bacteria get a temperature-controlled culture medium. 


‘ 
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Mutualism between cellulose-digesting microorganisms and arthropods is quite 
common and is often a major factor in detritus food chains. The termite-intestinal 
flagellate partnership is a classic case, first worked out by Cleveland (1924, 1926). 
Without the specialized flagellates, many species of termites cannot digest the wood 
they ingest, as demonstrated by the fact that they starve to death when the flagellates 
are experimentally removed. The symbionts are so well coordinated with their host 
that they respond to the termite’s molting hormones by encysting, thus ensuring trans- 
mission and reinfection when the termite molts its gut lining and then ingests it. 

In termites, the symbionts live inside the body of the host. However, even more 
intimate interdependence may develop with the microorganism partners living out- 
side the body of the animal host, and such associations may actually represent a more 
advanced stage in the evolution of mutualism (less chance that the relationship might 
revert to parasitism). One example are the tropical attine ants, which cultivate fungal 
gardens on the leaves they harvest and store in their nests. The ants fertilize, tend, 
and harvest the fungal-crop in much the same manner as an efficient human farmer 
: would. The ant-fungal system accelerates the natural decomposition of leaves. A suc- 
E i cession of microorganisms is normally required to decompose leaf litter, with basid- 
iomycete fungi normally appearing during the late stages of decomposition. How- 
ever, when leaves are “fertilized” by ant excreta in the fungal gardens, these fungi can 
thrive on fresh leaves as a rapidly growing monoculture that provides food for the 
ants. Much ant energy is, of course, required to maintain this monoculture, just as 
much energy is required in intensive crop culture by humans. 

By cultivating a cellulose-degrading organism as a food crop, the ants gain access 
to the vast cellulose reserves of the rain forest for indirect use as a nutrient. What ter- 
mites accomplish by their endosymbiotic association with cellulose-degrading micro- 
organisms, the attine ants have achieved through their more complex ectosymbiotic 
association with a cellulose-degrading fungus. In biochemical terms, the contribu- 
tion of the fungus to the ant is the enzymatic apparatus for degrading cellulose. In 
turn, the fecal material of the ant contains proteolytic enzymes that the fungus lacks, 
so that the ants contribute their enzymatic apparatus to degrade protein. The sym- 
biosis can be viewed as a metabolic alliance in which the carbon and nitrogen metab- 
olisms of the two organisms have been integrated. 

‘Coprophagy, or the reingestion of feces, which appears to be characteristic of de- 
tritivores, can probably be viewed as a much less elaborate but much more wide- 
spread case of mutualism that couples the carbon and nitrogen metabolism of micro- 
organisms and animals—an “external rumen.” Rabbits, for example, reingest their 
feces, illustrating the role of coprophagy in natural communities. 

Ants and Acacia trees are involved in another striking tropical mutualistic sym- 
biosis, as first described by Janzen (1966, 1967). The trees house and feed the ants, 
which nest in special cavities in the branches. In turn, the ants protect the tree from 
would-be herbivorous insects. When the ants are removed experimentally (as by poi- 
soning with an insecticide), the tree is quickly attacked and often killed by defoliat- 
ing insects. 

Mineral cycling as well as food production are enhanced by mutualistic rela- 
tionships between microorganisms and plants. Prime examples are mycorrhizae 
(“fungus-root”), mycelia of fungi that live in mutualistic association with the living 
roots of plants (not to be confused with parasitic fungi, which kill roots). As with 
nitrogen-fixing bacteria and legumes, the fungi interact with root tissue to form com- 











4 posite “organs” that enhance the ability of the plant to extract minerals from the soil. 
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In return, of course, the fungi are supplied with some of the plant’s photosynthate. 
So important is the energy flow pathway through mycorrhizae that this route can be 
listed as a major food chain. 

There are two main types of mycorrhizae. In the ectomycorrhizae, the fungus 
forms a sheath or network around actively growing roots, from which hyphae grow 
out into the spil, often for long distances. These mycorrhizae associate mostly with 
trees, especially pines and other conifers and tropical trees. The vesicular-arbuscular 
or VA mycorrhizae (formerly called endomycorrhizae) penetrate into root tissue, 
where they form characteristic vesicle-like structures (hence the name). Hyphae ex- 
tend out into the soil, as in the ectomycorthizae. These mycorrhizae colonize all but 
a few genera of plants, including herbs, shrubs, and trees in all climatic regions. 

Mycorrhizae are not generally host-specific, which means that they can often col- 
onize whatever plant root comes into contact with their spores. Some ectomycor- 
thizae produce large aboveground sporocarps or mushrooms that facilitate dispersal. 
The VA types produce spores underground, where they may be dispersed by soil- 
dwelling animals. Mycorrhizae are found in virtually every terrestrial ecosystem, in- 
cluding the rain forests of the Tropics, the prairies of the North Temperate Zone, and 
the Arctic Tundra. The mycorrhizal relationship between fungi and plants is both 
ubiquitous and ancient. About 90 percent of plant species, including most crops, 
form some kind of beneficial association with these fungi (Picone 2002). These ben- 
efits include: 


* Mycorrhizal fungi increase nutrient uptake, especially of nitrogen and phospho- 
tus. The hyphae extend from the colonized root into the soil. Because of their 
high rate of surface area to volume, hyphae are highly proficient at absorbing soil 
nutrients and transporting them to the root. The fungi receive carbohydrates, es- 
pecially sugars, from the plant in this mutualistic relationship. 


* Mycorrhizal fungi help suppress certain weeds. Colonized roots are better able to 
resist soil pathogens, including nematodes and pathogenic fungi. 


e Mycorrhizae play an important role in improving soil texture, and are considered 
the most important biological agent for aggregating most soil types. This aggre- 
gation, termed tilth, is what makes for a healthy soil structure. Such soil is loose, 
permits roots to penetrate, lets water percolate easily, and allows biota, such as 
earthworms, to burrow unimpeded. 


Unfortunately, conventional agricultural practices tend to disturb this beneficial 
telationship between mycorrhizal fungi and plant colonization—the result being 
that soil properties and ecosystem processes such as nutrient cycling are epee 
(Coleman and Crossley 1996). 

Figure 7-11 depicts how conventional agricultural practices affect the soil con- 
taining the mycorrhizal community (Picone 2002). Step 1 depicts how tillage crushes 
soil aggregates, destroys webs of mycorrhizal fungus, and reduces fungus abundance. 
This disturbance inhibits soil aggregation and tilth formation (Step 2). Thus, the soil 
becomes compacted and poorly aerated, frequently requiring further tillage (Step 3). 

Tillage also promotes dependence on fertilizers due to the disruption of fungal 
mechanisms of nutrient recycling (Step 4); modern agricultural practices therefore 
compensate by applying synthetic, commercial fertilizers (Step 5). Synthetic fertil- 
izer, unlike organic fertilizers, reduces the abundance of mycorrhizal fungi and se- 
lects for fungi that are ineffective at nutrient uptake (Step 6). Soil with an impover- 
ished mycorrhizal community creates an optimal environment for non-host weeds 
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gure 7-11. A model depicting the effects of conven- 9 
onal agricultural tillage practices on the mycorrhizal soil 
ommunity (see text for details; with permission of The Land 
stitute, Salina, Kansas). 
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(Step 7). Hence, biological mechanisms for weed control (Step 8) and even more till- 
age (Step 9) are required. Thus, agricultural tillage helps create an industrial cycle 
rather than the ecological (biotic) cycle that has evolved in natural systems. Farm 
productivity frequently plummets as a result of this farming practice, until the net- ; 
work of mycorrhizal fungi becomes reestablished and mechanisms of nutrient re- S 
cycling based on soil health are restored. 

Many trees will not grow without mycorrhizae. Forest trees transplanted to pral- 
rie soil in a different region often fail to grow unless inoculated with the fungal sym- 
bionts. Pine trees with healthy mycorrhizal associates grow vigorously in soil so poor 
by conventional agricultural standards that corn or wheat could not survive. The 
fungi can metabolize “unavailable” phosphorus and other minerals by chelation or by 
other means. When labeled minerals (such as radioactive tracer phosphorus) are 
added to the soil, as much as 90 percent may be quickly taken up by the mycorthizal 
mass, then slowly released to the plant. It is fortunate that the pine tree mycorrhizal i 
system does so well on the millions of acres in the southern United States where top- 
soil was devastated by the row-crop monoculture and absentee-owner system that 
persisted for so long: otherwise, many of these eroded acres would be deserts today. 

Figure 7-12A depicts mycorrhizal clusters around the roots of a spruce (Picea 
pungens). The role of mycorrhizae in direct mineral recycling, their importance in the 
Tropics, and the need for crops with such built-in recycling systems were emphasized 
in Chapter 4. For additional information on mycorrhizal mutualisms, see Mosse et al. i 
(1981) and E. 1. Newman (1988). | 
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Ahmadjian (1995) noted that lichens are probably the rast misunderstcod and 
poorly appreciated organisms in the biological world. Lichens are an important part 
of the biological web that links all of us together. They are a unique combination of 
traits, being primarily fungal, but also cyanobacterial. Approximately 8 percent of the. 
terrestrial surface of Earth has lichens: as its:most dominant life-form. For example, 
in the boreal forests of North America, Europe, and Russia, vast areas of the ground 
are covered with reindeer lichen (frequently termed “reindeer moss”), especially spe- 
cies of the genus Cladina. It is-likely that lichens play a role in regulating the gas- 
eous composition of the atmosphere of Earth; possibly by functioning as a CO, sink 
(Ahmiadjian 1995). 

Lichens. are an association cf specific fungi and algae, so intimate in terms of 
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Figure 7-12. (A) Peritrophic mycorrhizae forming clusters or masses 
around the roots of a spruce (Picea pungens) seedling. (B) Principal nitrogen 
fixer among the epiphytic lichens in the forest canopy community is Lobaria 
oregana (shown in cross-section). Lobaria is a mutualistic association ofa 
fungus and a green alga; populations of cyanobacteria are also present in 
bulges and fix nitrogen at a significant rate. (Adapted from Scientific Ameri- 
can, June 1973, p. 79. Reprinted with permission of the Estate of Eric Mose.) 





Courtesy of S. A. Wilde, University of Wisconsin 


functional interdependence and so integrated morphologically that a third kind of or- 
ganism, resembling neither of its components, is formed. Lichens are usually classi- 
fied as single species, even though they are composed of two or more unrelated spe- 
cies. In lichens, one sees evidence of an evolution from parasitism to mutualism. In 
some of the more primitive lichens, for example, the fungi actually penetrate the al- 
gal cells and are thus essentially parasites of the algae. In the more advanced species, 
the fungal mycelia or hyphae do not break into the algal cells, but the two live in close 
harmony. Figure 7-12B depicts a principal nitrogen fixer among the epiphytic lichens 
(Lobaria oregana) in the forest-canopy community. Lobaria is a mutualistic associa- 
tion of a fungus and a green alga, but also contains populations of cyanobacteria that 
fix nitrogen at a significant rate. 

` The mutualistic lichen lifestyle has had at least five independent origins in differ- 
ent branches of the fungus family tree; at least 20 percent of all fungal species are 
lichens (Gargas et al. 1995). Such multiple origins demonstrate that mutualism may 
be just as important as competition in evolution, as Kropotkin (1902) suggested more 
than a century ago. 

It is evident that mutualism has special survival value when resources become tied 
up in the biomass, as in a mature forest, or when soil or water is nutrient poor, as in 
some coral reefs or rain forests. Like corals and other highly organized heterotroph- 
autotroph mutualistic complexes, lichens are well adapted to natural scarcities and 
stress, but they are very vulnerable to pollution stress, especially air pollution. With 
regard to the restoration of landscape in Sudbury, Ontario, which was devastated by 
air pollution (as mentioned in Chapter 3), the return of lichens is a welcome sign that 
restoration is working. 

For general reviews of symbiotic associations, see Boucher et al. (1982) and Keddy 
(1990). We also recommend the supplement to The American Naturalist, 2003, Vol- 
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ume 162, entitled “Interacting Guilds: Moving Beyond the Pairwise Perspective on Mu- 
tualisms.” The relationship between humans and cultivated plants and domesticated 
animals, which might be considered a special form of mutualism, is discussed in Chap- 
ter 8. In Chapter 2, coral-algal associations were discussed as an emergent property 
that enhances the recycling of nutrients and the productivity of the whole ecosystem. 

The indirect effects of species on one another may be as important as their direct 
interactions, and may contribute to network mutualism. When food chains function 
in food web networks, the organisms at each end of a trophic series—for example, 
plankton and bass in a pond—do not interact directly, but they benefit each other 
indirectly. Bass benefit by eating planktivorous fish, which are supported by the 
plankton, whereas plankton benefit when bass reduce the population of the plank- 
ton predators. Accordingly, there are both negative (predator-prey) and positive (mu- 
tualistic) interactions in a food web network (D. S. Wilson 1986; Patten 1991). 

Because of reward feedbacks, as discussed in Chapter 4, and because of the ten- 
dency for the severity of negative interactions to decrease with time (see Section 3), 
it is not too much ofa stretch to consider whole food chains as mutualistic (E. P. Odum 
and Biever 1984). In a study of an alga-herbivore relationship, Sterner (1986) found 
that the algae grew better when grazed because of the nitrogen regenerated by the 
grazer. 

The ultimate reality is that all positive and negative two-species interactions op- 
erate together in food webs at the community and ecosystem levels. The energetics 
of food chains (as detailed in Chapter 3), combined with what have come to be 
known as “top-down” and “bottom-up” processes, make the food web a functional 
system that is more than just a collection of species interactions. Top-down control, 
which includes reward feedback, refers to the role of upstream components—for ex- 
ample, herbivore'control over plants and predator control over herbivores. Bottom-up 
control refers to the role of nutrients and other physical factors in determining pri- 
mary production. Ecologists debate which type of control is most important in a 
given situation, but most now agree that both are involved to varying degrees in any 
and all natural situations (Hunter and Price 1992; Polis 1994; de Ruiter et al. 1995. 
Krebs et al. 1995; Krebs, Boonstra, et al. 2001; Polis and Strong 1996). 

Until recently, human beings have generally acted as energy parasites on their au- 
totrophic environment, taking what they want with little concern about the welfare 
of planet Earth. For example, large cities grow and become parasitic on the country- 
side, which must somehow supply food and water and degrade huge quantities of 
wastes for these cities. Human beings must evolve to the stage of mutualism in rela- 
tionship with nature. If humankind does not achieve mutualism with nature, then, 
like the “unwise” or “unadapted” parasite, humans may exploit their host to the point 
of destroying themselves. 


Concepts of Habitat, Ecological Niche, and Guild 


‘Statement 


The habitat of an organism is the place where it lives, or the place where one would 
go to find it. The ecological niche, however, includes not only the physical space oc- 
cupied by an organism but also its functional role in the community (its trophic po- 
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sition, for instance) and its position in environmental gradients of temperature, mois- 
ture, pH, soil, and other conditions of existence. These three aspects of the ecologi- 
cal niche can be conveniently designated as the spatial or habitat niche, the trophic 
niche, and the multidimensional or hypervolume niche. Consequently, the ecological 
niche of an organism not only depends on where it lives but also includes the sum 
total of its environmental requirements. The concept of niche is most useful, and 
quantitatively most applicable, in terms of differences between species (or the same 
species at two or more locations or times) in one or a few major (operationally 
significant) features. The dimensions most often quantified are niche breadth and niche 
overlap with neighbors. Groups of species with comparable roles and niche dimen- 
sions within a community are termed guilds. Species that occupy the same niche in 
different geographical regions (continents and major oceans) are termed ecological 
equivalents. 


Explanation and Examples 


The term habitat is used widely, not only in ecology but elsewhere. Thus, the habitat 
of the water backswimmer (Notonecta) and the water boatman (Corixa) is the shallow, 
vegetation-choked area (littoral region) of ponds and lakes; one would go there to col- 
lect these particular water bugs. However, the two species occupy very different tro- 
phic niches, as the backswimmer is an active predator, whereas the water boatman 
feeds largely on decaying vegetation. The ecological literature is replete with ex- 
amples of coexisting species that use different energy sources. 

If the habitat is the “address” of the organism, niche is its “profession,” its tro- 
phic position in food webs, how it lives and interacts with the physical environment 
and with other organisms in its community. Habitat may also refer to the place oe- 
cupied by an entire community. For example, the habitat of the sand sage grassland 
community is the series of ridges of sandy soil occurring along the north sides of 
rivers in the southern Great Plains of the United States. Habitat in this case consists 
mostly of physical or abiotic complexes, whereas habitat for the water bugs men- 
tioned previously includes living and nonliving objects. Thus, the habitat of an or- 
ganism or group of organisms (population) includes other organisms and the abiotic 
environment. 

The concept of ecological niche is not so generally understood outside the field 
of ecology. Terms such as niche are difficult to define and quantify; the best approach 
is to consider the component concepts historically. Joseph Grinnell (1917, 1928) 
used the word niche “to stand for the concept of the ultimate distributional unit, 
within which each species is held by its structural and instinctive limitations . . . no 
two species in the same general territory can occupy for long identically the same 
ecological niche.” (Incidentally, the latter statement predates Gause’s experimental 
demonstration of the competitive exclusion principle; see Fig. 7-2.) Thus, Grinnell 
thought of the niche mostly in terms of the microhabitat, or what is now called the 
spatial niche. Charles Elton (1927) was one of the first to begin using the term niche 
in the sense of the “functional status of an organism in its community.” Because of Fl- 
tons great influence on ecological thinking, it has become generally accepted that 
niche is by no means a synonym for habitat. Because Elton emphasized the impor- - 
tance of energy relations, his version of-the concept is designated the trophic niche. 

G. È. Hutchinson (1957) suggested that the niche could be visualized as a multi- 
dimensional space or hypervolume within which the environment permits an individ- 
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ual or species to survive indefinitely. Hutchinsons niche, which can be designated the 
multidimensional or hypervolume niche, can be measured and mathematically ma- 
nipulated. For example, two-dimensional climographs, which depict x- and y-axes of 
a particular species of bird and a fruit fly, could be expanded as a series of coordi- 
nates (x-, y-, and z-axes) to include other environmental dimensions. Hutchinson 
(1965) also distinguished between the fundamental niche—the maximum “ab- 
stractly inhabited hypervolume” when the species is not constrained by competition 
or other limiting biotic interactions—and the realized niche—a smaller hypervol- 
ume occupied under particular biotic constraints. The concepts of niche breadth and 
niche overlap are illustrated in two dimensions in Figures 7-13A and B. 

Perhaps a simple analogy from everyday human affairs will help to clarify these 
overlapping and sometimes confusing ecological uses of the term niche. To become 
acquainted with a person in the human community, one would need to know, first 
of all, his or her address, (where she or he could be found). “Address” would repre- 
sent habitat. To “know” the person, however, one would want to know something 
about his or her occupation, interests, associates, and role in community life. All this 
information would be analogous to that persons niche. Thus, in the study of organ- 
isms, learning the habitat is just the beginning. To determine the status of the or- 
4 ganism within the natural community, one would need to know something of its 
- activities, especially its nutrition; energy sources and resource partitioning; relevant 

population attributes, such as intrinsic rate of increase and fitness; and finally, the or- 
ganism’s effect on other organisms with which it comes into contact, and the extent 
to which it modifies or can modify important operations in the ecosystem. 

In a classic investigation in the history of ecology, MacArthur (1958) compared 
the niches of four species of American warblers (Parulidae) that all breed in the same 
macrohabitat (a spruce forest) and all feed on insects but forage and nest in different 
parts of the spruce tree. MacArthur constructed a mathematical model; which-con- 

4 ` sisted of a set of competition equations in a matrix from which competition coeffi- 

cients were calculated for the interaction between each species and any of the other 

three. Thus, niches of similar species associated together in the same habitat can be 
precisely compared when only a few operationally significant measurements are in- 
volved. Two species proved especially competitive, so that if either were absent, the 
other might be expected to move into the vacated niche space. The general.tendency 
for niches to narrow with interspecific competition has: already been illustrated: in- 
Figure 7-5. 
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The term guild is often used for groups or clusters of species, such as MacArthf 
warblers, that have similar or comparable roles in the community; Root (1967) i 
suggested this definition. Wasps parasitizing a herbivore population, nectar-feedi 
insects, snails living in the forest floor litter, and vines climbing into the canopy 
a tropical forest are all examples of guilds. The guild is a convenient unit for stud 
of interactions among species, but it can also be treated as a functional unit in co 
munity analysis, thus making it unnecessary to consider every species as a separ 
entity. 4 
Examination of guilds or species that fail to coexist can illustrate what aspects 2: 
resource use contribute to the competitive exclusion principle. Niche partitionity 
frequently relates to resource partitioning or resource use. MacArthur and Levit 
(1967) and Schoener (1983) noted that perhaps the most operational approach to thë 
study of competition and niche overlap is to focus on consumable resources, or fag 
tors that serve as surrogates for those resources, such as differences in microhabitats3 
Winemiller and Pianka (1990) have used this approach to identify nonrandom pat-™ 
terns and clusters regarding the way that species use resources in a guild. 

Measurements of morphological features of larger plants and animals can often be 
used as indices in the comparison of niches. Van Valen (1965), for example,-found 
that variations in the length and breadth of a bird's bill (the bill, of course, reflects the 
type of food eaten) provide an index of niche width; the coefficient of variation in bill 
width was found to be greater in island populations of six species of birds than in 
mainland populations, corresponding with the greater niche width (wider variety of 
habitat occupied and food eaten) on islands, where competing species are fewer. 

Grant (1986) was able to separate feeding niches of Galapagos finches by mea- 
suring beak morphology. He found that differences in beak size correlated to differ- 
ences in diet. Within the same species, competition is often greatly reduced when dif- 
ferent stages in the life history of the organism occupy different niches; for example, 
the tadpole functions as a herbivore and the adult frog as a carnivore in the same 
i pond. Niche segregation may even occur between sexes. In woodpeckers of the ge- 
nus Picoides, males and females differ in bill size and in foraging behavior (Ligon 
1968). In hawks, some weasels, and many insects, the sexes differ markedly in size 
and, therefore, in the dimensions of their food niche. 

Both nutrients and toxic chemicals introduced into natural ecosystems can be ex- 
pected to alter the niche relations of species most severely affected by the perturba- 
tion. In a long-term (11-year) experimental study of the effect of applying N-P-K 
commercial fertilizer and municipal sludge to old-field vegetation, W. P. Carson and 
Barrett (1988) and Brewer et al. (1994) reported that niche width was significantly 
enhanced for summer annuals, especially Ambrosia trifida, A. artemisiifolia, and Seta- 
ria faberii, which increased their coverage at the expense of perennials such as Soli- 
dago canadensis. 

Ecologically equivalent species, which occupy similar niches in different geo- 
graphical regions, tend to be closely related taxonomically in contiguous regions, but 
are often not related in noncontiguous regions. The species composition of commu- 
nities differs widely in different floral and faunal regions, but similar ecosystems de- 
velop equivalent functional niches wherever physical conditions are similar, regardless 
of geographical location. The equivalent functional niches are occupied by whatever 
biological groups happen to make up the flora and fauna of the region. Thus, a grass- 
land ecosystem develops wherever there is a grassland climate, but the species of 
grass and grazers may be quite different, especially when the regions are widely sep- 
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Ecologically equivalent grassland birds in a Kansas field and a Chilean field 


Ecologically equivalent Body size Bill length Ratio of bill 
pair of species (mm) (mm) depth to length 





Eastern meadowlark 
(Sturnella magna), 
Kansas 236 32.1 0.36 


Red-breasted meadowlark 
(Pezites militaris), 


Chile 264 33.3 0.40 
Grasshopper sparrow 

(Ammodramus savannarum), 

Kansas 118 6.5 0.60 


Yellow grass finch 

(Sicalis luteola), 

Chile 125 7.1 0.73 
Horned lark 

(Eremophila alpestris), 

Kansas 157 11.2 0.50 


Chilean pipit 


Source: After Cody 1974. 


Note: In each field the three species differ in feeding niches as shown by differences in body size and bill 
dimensions, but each pair of equivalents is very closely matched morphologically indicating very similar 
niches. The meadowlarks are closely related taxonomically, but the second pair are related only at the 
family level, and the third pair belong to different families. 


Ecological equivalents in- three major niches of four coastal: zones 
of North and Central America 


Upper West Upper East 





Niche- Tropical ` Coast Gulf Coast’ Coast 

Grazer on intertidal Littorina ziczac L. danaxis, L. irrorata: L. littorea 

rocks (periwinkles} - L. scutulata 

Benthic carnivore Spiny lobster- King.crab: Stone crab. Lobster 

(Palinurus) (Paralithodes (Menippe) (Homarus) 

Plankton-feeding fish Anchovy: Pacificcherring, Menhaden, Atlantic 

sardine: threadfin herring; 
alewife- 


arated by barriers. The large kangaroos of the Australian grassland are the ecological 
equivalents of the bison and:pronghorn of the North American grassland. (both now 
largely replaced by domesticated grazers). Examples of bird ecologicalequivalents on 
two continents are listed in Table 7-3. Examples of ecological equivalents in-aquatic 
habitats are shown in Table 7-4. 
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8 Biodiversity 





Statement 


In Chapter 2, diversity at the ecosystem level was reviewed, including two major 
components of diversity—richness and apportionment. In this section, additional 
aspects of this important subject will be considered, especially as related to the com- 
munity level of organization. Of the total number of species in a trophic component, 
or in a community as a whole, often a relatively small percentage are abundant or 
dominant (represented by large numbers of individuals, a large biomass, high rates 
of productivity, or other indications of importance), and a large percentage are rare 
(have smaller importance values). Sometimes, though, there are no dominant species 
but many species of intermediate abundance. As noted previously, the concept of spe- 
cies diversity has two components: (1) richness, based on the total number of species 
present; and (2) apportionment, based on relative abundance (or other measures of 
importance) of species and the degree of dominance or lack thereof. Species diver- 
sity tends to increase with the size of the area, and from high latitudes to the equa- 
tor. Diversity tends to be reduced in stressed biotic communities, but it may also be 
reduced by competition in old communities in stable physical environments. Three 
other kinds of diversity are also important: (1) pattern diversity, which results from 
zonation, stratification, periodicity, patchiness, food webs, and other arrangements; 
(2) genetic diversity, the maintenance of genotypic heterozygosity, polymorphism, 

- and other genetic variability that is an adaptive necessity for natural populations; and 
(3) habitat diversity, the diversity of habitat or landscape patches, which serves as a 
basis for metapopulation dynamics (see Chapter 6) and the diversity of species within 
a particular habitat or community type. Many ecologists are becoming concerned 
that the reduction in habitat, species, and genetic diversity resulting from human ac- 
tivities is jeopardizing future adaptability in natural ecosystems, agroecosystems, and 
agrolandscapes. 


Explanation 


The pattern of a few common or dominant species having large numbers of individ- 
uals associated with many rare species having few individuals -is characteristic of 
community structures in high latitudes and in the seasonal Tropics (wet-dry sea- 
sons); but in the wet Tropics (with unchanging seasons), one usually finds many spe- 
cies that have low relative abundance. The general trend of an increase in the num- 
ber of species from high to equatorial latitudes is illustrated in Figure 7-14. Another 
general trend or natural law is that the number of species increases with the size of 
an area, and probably also with the evolutionary time that has been available for col- 
onization, niche specialization, and speciation. 

In Chapter 2, two broad approaches to measure and analyze species diversity 
were outlined: (1) dominance-diversity (relative abundance) curves; and (2) diversity in- 
dices, which are ratios of species importance relationships. Comparison of temperate 
and tropical forest diversity was used to illustrate the graphic approach, and the 
Shannon-Weaver and Simpson indices were used to illustrate the index methods. An 
additional graphic method for depicting species diversity is shown in Figure 7-15. 

A major component of diversity is apportionment (evenness), which indicates how 
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Figure 7-14. Latitudinal gradient in numbers of species of A 
(A) breeding land birds and (B) ants (redrawn from Fischer 


1960). 
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numbers of individuals are distributed (apportioned) among species. For example, 
two systems, each containing ten species and 100 individuals, have the same S/N 
richness index (where S equals the number of species and N the number of individ- 


uals), but they could differ widely in apportionment, depending on the distribution 


of the 100 individuals among the ten species—for example, 91,1, 1, 1, 1, 1, 1,1,1, 
and 1 at one extreme (minimum evenness and maximum dominance) or 10 individ- 
uals per species (perfect evenness and no dominance) at the othet extreme. Everrness 
tends to be high and constant in bird populations (probably because of territorial be- 
havior). In contrast, plants and phytoplankton populations tend to average lower in 
evenness and to exhibit considerable variation in both components. 

Because the Shannon-Weaver index is derived from information theory and rep- 
resents a type of formulation widely used in assessing the complexity and informa- 
tion content of all kinds of systems, it is one of the best to use in making-comparisons 
if one is not interested in separating the two components of diversity. And once H is 
calculated, evenness can be separated out quickly by dividing by the log of the num- 
ber of species. The Shannon-Weaver index is also reasonably independent of sample 
size and is normally distributed, provided that all N are integers (Hutcheson 1970); 
thus, parametric statistical methods can be used to test for the significanee of differ- 
ences between means. i 
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Figure 7-15. Dominance-diversity profiles for three paral- --- Unpolluted 
lel streams in the same watershed that differ in their degree 1000 —— Moderately polluted 
of pollution by urban domestic wastes. The Shannon-Weaver => Polluted 


diversity index values for the streams are as follows: unpol- 
luted, 3.31; moderately polluted, 2.80; polluted, 2.45 (after 
E. P. Odum and Cooley 1980). 


Individuals 





Species 


Biodiversity as Affected by Pollution 


The use of diversity curves and indices to assess the impact of sewage effluent on 
stream benthos (bottom-dwelling organisms) is depicted in Figure 7-15, which illus- 
trates how diversity decreases with increasing loads of domestic wastes. In a longitu- 
dinal study of an Oklahoma stream receiving inadequately treated municipal wastes, 
Wilhm (1967) found that benthic diversity was depressed for more than 60 miles 
(96 kilometers) downstream. From these and many other studies, it is clear that ben- 
thic diversity is an effective tool for monitoring water pollution. 

Figure 7-16 illustrates how a point source of untreated municipal waste affects 
species richness. Note that while population densities (especially coliform bacteria 
and sludge worms) increase, there is a concomitant decrease in species richness (es- 
pecially of aquatic insects and desirable freshwater fish species). From an ecosystem 
and landscape perspective (including human societal understanding), it is likely that 
the diversity of functions (such as aerobic production and respiration) is much more 
important than species diversity, although species diversity provides the structure for 
these functional processes. Recall Figure 2-12, which showed how these metabolic 
processes. were affected by the anaerobic conditions following the pollution dis- 
charge, illustrating the importance of maintaining aerobic conditions (to prevent pol- 
lution) across levels of organization. 

Figure 7-17 shows the effect of an acute insecticide stress on the diversity of 
arthropods in a millet (Panicum ramosum) field. Although the richness index (Mar- 

- galef d) was greatly reduced by the treatment, evenness (Pielou e) increased and re- 
mained elevated for most of the growing season. When the insecticide killed many of 
the dominant species, a greater evenness (e) in the abundance of the surviving pop- 
ulations resulted. The Shannon-Weaver index (H), which expresses the interaction of 
richness and apportionment, showed an intermediate response. Although the insec- 
ticide used in this experiment remained toxic for only 10 days, and the acute depres- 
sion lasted only about two weeks, overshoots and oscillations in the diversity ratios 
were evident for many weeks. This study illustrates several points of interest: (1) it is 
frequently desirable to separate species richness and relative abundance or appor- 
tionment; (2) a generalized or moderate perturbation may increase rather than de- 
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crease diversity when there is originally strong dominance; and (3) recovery is rapid 

when small areas are perturbed, because replacements come in quickly from sur- 

rounding areas. Applying insecticides to large areas is quite another matter. 

Table 7-5 presents a comparison of the density and diversity of arthropod popu- 

lations in a grain field and a natural herbaceous community that replaced the field 

one year later. The values shown. are means of ten samples taken over the growing 

season. After only one year under “nature's management,” the following changes had 

occurred: 
‘© The number of herbivorous (phytophagous) insects was greatly reduced, as was 

i 


the total arthropod density. 


¢ The richness component of diversity and the index of total diversity were signifi- 
cantly increased for each guild, as well as for the total community of arthropods. 

¢ Evenness increased. 

e The number, diversity, and percentage composition of predators and parasites 
were greatly increased; predators and parasites made up only 17 percent of the 
population density in the grain field, compared with 47 percent in the natural 
field (where they actually outnumbered the herbivores). 


This comparison gives some clues as to why artificial communities often require 


i a 


- chemical or other control of herbivorous insects, whereas natural areas do not re- 
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Figure 7-16. Diagram depicting a stream degraded by point-source raw sewage, illustrat» 
ing decreased species diversity and increased population density (mainly coliform bacteria and. 
sludge worms) in the area of active decomposition, followed by stream recovery to clean water. 
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Figure 7-17. The effect of a single application of the in- 
secticide Sevin (an organophosphate insecticide that re- 20 
mains toxic for only 10 days) on the arthropod population in 15 
a 0.4-hectare plot of a millet (Panicum ramosum) field. Two 
components of diversity (d, e) and a general index of total di- 
versity (H) are based on ten 0.25-m? samples taken from the 
treated area and a control area at weekly or biweekly intervals 
from early July through September. The semilog plots facili- 
tate a ditect comparison of relative deviations resulting from 5 
the acute insecticide stress (after Barrett 1968). 
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quire such control if only human beings give nature a chance to develop its own self- 
protection. 

What happened to the diversity of tree species when the chestnut blight (see 
Section 5) removed the principal dominant from the southern Appalachian forest? 
The chestnut tree (Castanea dentata), which constituted 30 to 40 percent of the bio- 
mass of the original stand, has been replaced by several—not just one—species 
of oak (Quercus). Several subdominant or pioneer species (such as the tulip pop- 
lar, Liriodendron tulipifera) increased in response to the opening up of the canopy. 
These changes combined to reduce dominance and increase general diversity. In 
1970, 25 years after the chestnut tree was removed from the canopy, the total basal 
area and diversity had returned to a pre-blight level. 


Biodiversity and Stability 


Because stable ecosystems, such as rain forests or coral reefs, have high species di- 
versity, it is tempting to conclude that diversity enhances stability. As Margalef (1968) 
expressed it, “the ecologist s sees in any measure of diversity an expression of the pos- 
sibilities of constructing feedback systems.” However, analyses and critical reviews 
have suggested that the relationship between species diversity and stability is com- 
plex, and a positive relationship may sometimes be secondary and not causal, in that _ 
stable ecosystems promote high diversity but not necessarily the other way around. 
Huston (1979) concludéd that what he called “non-equilibrium” ecosystems (that is, 
systems that are periodically perturbed) tend to have a higher diversity than “equi- 
librium” ecosystems, where dominance and competitive exclusion are more intense. 
_ On the other hand, McNaughton (1978) concluded from his studies of old fields and 
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East African grasslands that species diversity does mediate functional stability in the 
community at the primary producer level. W. P. Carson and Barrett (1988) and 
Brewer et al. (1994) noted that nutrient-enriched old-field communities are signifi- 
cantly less diversified, and apparently less stable, than unenriched communities of 
equal size and age. 

A major problem with studies of species diversity is that, so far, they have dealt 
only with parts of communities, usually a particular taxonomic segment (such as birds 
or insects) or a single trophic level. Estimating the diversity of whole communities re- 
quires that all the different sizes and niche roles be “weighted” in some manner by 
some common denominator, such as energy. Stability is likely related more closely to 
functional than to structural diversity. 

Diversity within a habitat or community type is not to be confused with diversity 
in a landscape or region containing a mixture of habitats and landscape patches. 
Whittaker (1960) suggested the following terms: (1) alpha diversity, for within-habitat 


a a 


Density and diversity of arthropod populations in an unharvested 
millet crop, compared with the natural successional community 
that replaced it one year later 
en 
Cultivated Natural 
millet successional 


Indices Populations field community 
Density (number/m?) Herbivores 482 156* 
Predators 82 117 
Parasites 24 51* 
Total arthropods 624 355* 
Richness or variety index (Margalef d) Herbivores 7.2 10.6* 
Predators 3.9 11.4* 
Parasites 6.3 12.4* 
Total-arthropods 15.6 30.9" 
Evenness index (Pielou e) . Herbivores 0.65 0.79* 
Predators 0.77 0.80- 
Parasites 0.88: 0.99 
Total arthropods 0.68: 0.84* 
Total apportionment index (H) Herbivores 2.58 3.28* 
Predators 2.37 3.32* 
Parasites 2.91 3.69* 
Total arthropods 3.26 4.49* 


E 
Note: The stand of millet (Panicum) was the -control plot in the experiment graphed in Figure 7-17. Ferti- 
izer was applied at time of planting in the prescribed agricultural manner but no insecticide or other chem- 
ical treatment was applied, and the crop was not harvested. All figures are means of weekly samples 
taken during growing season (July through September). : 


* Differences between the two communities significant at the p < .001 level of probability: 
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or within-community diversity, (2) beta diversity, for between-habitat diversity; and 
(3) gamma diversity, for diversity of landscape-scale areas. 

In well-studied zones, (such as benthic aquatic populations) and other parts of 
communities, species diversity is very much influenced by the functional relation- 
ships between trophic levels. For example, the amount of grazing or predation greatly 
affects the diversity of the grazed or prey populations. Moderate predation often re- 
duces the density of dominant species, thus providing less competitive species with 
a better chance to use space and resources. J. L. Harper (1969) reported that the di- 
versity of herbaceous plants on the English chalk downs declined when grazing rab- 
bits were fenced out. Severe grazing or predation, on the other hand, acts as a stress 
and reduces the number of species to an unpalatable few. In a classic study, Paine 
(1966) found that the species diversity of sessile organisms in the rocky intertidal 
habitat (where space is generally more limiting than food) was higher in both tem- 
perate and tropical regions when first- and second-order predators were active. Ex- 
perimental removal of predators in such situations reduced the species diversity of 
all sessile organisms, whether they were directly preyed on or not. Paine concluded 
that “local species diversity is directly related to the efficiency with which predators 
prevent monopolization of major environmental requisites by one species.” This con- 
clusion does not necessarily hold for habitats in which competition for space is less 
severe. Although human activities tend to reduce diversity and encourage mono- 
cultures, they do often increase habitat diversity in the general landscape (openings 
created in the forest, trees planted in the prairie, or new species introduced). The di- 
versity of small songbirds and plants, for example, is much greater in older, estab- 
lished residential districts than in many natural areas. 


Diversity Above and Below the Species Level 


The species may not always be the best ecological unit for measurements of diversity, 
as life history stages within species often occupy different habitats and niches and, 
thereby, contribute to variety (richness) in the ecosystem. A caterpillar and a butterfly 
of the same species, or a frog and its tadpole stage, are more diverse in their roles in 
the community than are two species of butterflies or adult frogs. 

Moreover, genetic variability and diversity are hidden when communities are de- 
scribed only in terms of the species present. In the absence of genetic variability, a 
species will not be able to adapt to new situations and, therefore, will likely become 
extinct in a changing environment. 

Variety of species, life history stages, and genetic types are by no means the only 
elements involved in community diversity. The structure that results from the dis- 
tribution of organisms in and their interaction with their environment is termed 
pattern diversity. Many different kinds of arrangements in the standing crop of or- 
ganisms (that is, nature's architecture) contribute to what might be called pattern di- ` 
versity. For example: l 


* Stratification patterns (vertical layering, as in vegetation and soil profiles); 

* Zonation patterns (horizontal segregation, as in mountains or in the intertidal zone); 
e, Activity patterns (periodicity); ` 

* Food web patterns (network organization in food chains); . 


_* Reproductive patterns (parent-offspring associations or plant clones); 
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* Social patterns (flocks and herds), 
* Coactive patterns (resulting from competition, antibiosis, or mutualism); and 


* Stochastic patterns (resulting from random forces). 


Diversity is also enhanced by edge effects—junctions between patches of contrasting 
types of vegetation or physical habitats (see Chapter 9 for details). 


Biodiversity and Productivity 


In low-nutrient natural environments, an increase in biodiversity seems to enhance 
productivity, as indicated by Tilman (1988) in experimental studies with grasslands, 
but in high-nutrient or enriched environments, an increase in productivity increases 
dominance and reduces diversity (W. P. Carson and Barrett 1988). In other words, 
a biodiversity increase may increase productivity, but a productivity increase almost 
always decreases diversity. Furthermore, nutrient enrichment (such as nitrogen fer- 
tilization and runoff) tends to bring on noxious weeds, exotic pests, and dangerous 
disease organisms, because these kinds of organisms are adapted to and thrive in 
high-nutrient environments. For example, when coral reefs are subjected to human- 
induced nutrient enrichment, we observe an increase in the dominance of smothering 
filamentous algae and the appearance of previously unknown diseases, either of which 
can quickly destroy these diverse ecosystems that are adapted to low-nutrient waters. 

We venture to suggest that humans, in their efforts to increase productivity to 
support increasing numbers of people and domestic animals (which in turn excrete 
huge amounts of nutrients into the environment), are causing a worldwide eutrophi- 
cation that is the greatest threat to ecosphere diversity, resilience, and stability —es- 
sentially a “too much of a good thing” syndrome. Global warming, which results from 
CO, enrichment of the atmosphere, is:just one aspect of this overall perturbation. It 
was appropriate that the first Ecological Society of America Issues in Ecology (ESA 
1997) focused on global nitrate enrichment. 

There has been much debate regarding the relationship of community produc- 
tivity to biotic diversity. Tilman et al. (1996), for example, demonstrated in a well- 
replicated field experiment that ecosystem: productivity increased significantly with 
increased plant biodiversity. This diversity-productivity hypothesis (McNaughton 
1993; Naeem et al. 1994) is based on the assumption that interspecific differences in — 
the use of resources by plants allow more diverse plant communities to more fully use 
limiting resources and, thus, attain greater net primary productivity. Furthermore, Til- 
man (1987) and Tilman and Downing (1994) demonstrated in a long-term study of 
grasslands that primary productivity in more diverse plant communities is more resis- 
tant to and recovers more fully from major perturbations such as drought. These find- 
ings-support the diversity-stability hypothesis (McNaughton 1977; Pimm 1984). 

Numerous investigations have demonstrated that-increased nutrient enrichment 
results-in increased primary productivity (for example, Bakelaar and.Odum 1978; 
Maly.and Barrett 1984; W. P. Carson and Barrett 1988; S. D. Wilson and Tilman 
1993; Stevens and Carson 1999). One might deduce that increased nutrient enrich- 
ment would lead to increased plant community diversity, which in turn would result 
in greater ecosystem stability. However, several investigations have shown that long- 
term nutrient enrichment (such as the addition of fertilizer or municipal sewage 
sludge io old-field communities) results in decreased plant community. diversity 
(W: P. Carson and Barrett 1988; Brewer et al. 1994; Stevens aned Carsona 1999). 
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These findings and hypotheses have resulted in a great deal of confusion re- 
garding the relationship between productivity and diversity. E. P. Odum (1998b) at- 
tempted to clarify this relationship by stating that in low-nutrient environments, an 
increase in community biodiversity seems to enhance or at least to be related to an 
increase in productivity, but in high-nutrient or enriched environments, an increase 
in primary productivity results in increased dominance of a few species, resulting in 
turn in a decrease in species diversity or community richness. This latter relationship 
appears to be especially relevant where nutrient subsidies, such as fertilizer or sludge, 
are added to natural communities in significant amounts. 

Nutrient enrichment may also affect other aspects of the structure and function of 
old-field communities, such as changes in species composition (Bakelaar and Odum 
1978; Vitousek 1983; Maly and Barrett 1984; Tilman 1987; W. P. Carson and Barrett 
1988; W. P. Carson and Pickett 1990; McLendon and Redente 1991; Tilman and 
Wedin 1991; Cahill 1999). Community responses to nutrient enrichment may also 
vary with the stage of secondary succession (Tilman 1986), the plant species pres- 
ent at the time of enrichment (Inouye and Tilman 1988), the form of nutrients ap- 
plied or available (W. P. Carson and Barrett 1988; W. P. Carson and Pickett 1990), 
and interactions between above- and below-ground competition in old-field species 
(S. D. Wilson and Tilman 1991; Cahill 1999). 


oN oemi e Rammer ee oia 


Concern About the Loss of Biodiversity 


The word biodiversity has become almost synonymous with concern over the loss 
of species. As is clear from this chapter, this concern should go beyond the species 
level to include the loss of functions and niches up and down the entire levels-of- 
organization hierarchical scale. In this context, Wilcox (1984) defined biodiversity as 
“the variety of life forms, the ecological roles they play, and the genetic diversity they 
contain.” We can now include the role of habitat or landscape diversity as well. 
It is essential to maintain redundancy in an ecosystem—that is, to have more than 
one species or group of species capable of carrying out major functions or providing 
links in the food web. In assessing the effects of the removal or addition of species, it 
is important to know if they might be keystone species. Chapin et al. (2002) defined 
a keystone species as a functional type without redundancy. The loss of such a spe- 
cies or group of species will cause major changes in community structure and eco- 
system function. However, as is so often the case, too much of something can also be- 
come detrimental. As discussed in Chapter 2, an exotic invader species added to a: 
naturally diverse ecosystem often becomes a keystone species that reduces diversity. 
Reduction in species and genetic diversity in historical times has produced short- 
term benefits in agriculture and forestry, as evidenced by the propagation of spe- 
cialized, high-yielding varieties over large areas of global cropland and forest. Over- 
dependency on a small number of varieties, however, invites future catastrophe should 
climates change, should the energy and chemical subsidies needed to maintain these 
varieties become scarce, or should new diseases and pests attack a vulnerable variety. 
Agriculturalists are deeply concerned about the loss of crop diversity, as expressed in 
their efforts to establish nurseries and seed banks as repositories of as many vari- 
eties of crop plants as possible. To call attention to the overall threat posed by loss 
of diversity, some people are organizing gene resources conservation programs. An 
excerpt from a report of one such program (Gene Resource Conservation Program, 
Berkeley, California; David Kafton, director) follows: 
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The biological diversity of animals, plants, and microorganisms is of fundamen- 
tal importance to human survival. The term “gene resources” may be defined as 
the genetic diversity that is crucial for meeting societal needs in perpetuity. This 
diversity is expressed in the differences between species as well as in the varia- 
tion among individuals that comprise a species. Gene resources include wild 
and domestic species, including many that have no direct commercial value, 
but are essential to the survival of those that do. Each year gene resources are 
utilized to provide billions of dollars worth of new and familiar products (e.g., 
food, clothing, shelter, pharmaceuticals, energy, and hundreds of industrial 
products). A broad range of species and their products are required for medical 
and other research. Agriculture, forestry, and related industries are dependent 
on appropriate diversity (e.g., resistance to plant diseases). It is this diversity 
that sets the limits to which both wild and domestic species can successfully 
adapt to changes involving: (1) weather, insects and disease; (2) technology; 

(3) demand; and (4) human preferences. Most biological diversity is still found 
in natural ecosystems whose survival is dependent, in large part, on the diver- 
sity within them. 


Rhoades and Nazarea (1999) pointed out that pre-industrial agriculture, as still 
practiced in many parts of the world, forms diverse “gene banks” because of the large 
number of crop varieties that are kept in cultivation. For example, fifty varieties and 
several species of potatoes are grown in the Cuzco Valley in the High Andes of Peru. 

That the U.S. citizenry is interested, if not yet really concemed, is evident from 
efforts to save endangered species from extinction. There is strong public opinion, as 
indicated by legislation enacted by Congress, in favor of preserving rare species, es- 
pecially if they are as interesting and spectacular as the whooping crane (Grus ameri- 
cana)—but not when preservation of the species or its habitat conflicts with devel- 
opment that promises immediate economic benefits. Because a species-by-species 
approach is bound to fall short in any such conflict, it is time to emphasize the preser- 
vation of the diversity of whole ecosystems or landscapes. A stronger case can be made : 
for conservation at this level; a greater diversity of species and gene pools would be 
saved using such a holistic approach. 

To some extent, sound regional planning can compensate for the reduction in lo- q 
cal or alpha diversity that tends te accompany intensive agricultural, forestry, and ur- 
ban.development. If crop and forest monocultures-and tract housing (tows and rows 
of similar houses on small, lawn-covered lots), are interspersed with more diverse 

- natural.or seminatural ecosystems (preserved in perpetuity as parks or nature cen- 
ters, for instance), and if floodplains and other wetlands together with steep slapes 
and ravines are left undeveloped, not only will there be a pleasing landscape full-of 
recreational possibilities, but also a high level of beta and gamma diversity will-have i i 
been safeguarded. 

‘The relationship of natural capital to economic capital needs to he managed by 
an integrative approach. An example is the National Environmental Research. Park 
(NERP) constituting the 278,000-acre (111,200-ha) Savannah River Site (SRS)..Ap- 
proximately one third of the area once farmed has now been converted -into pine ° 
plantations, so the alpha diversity of tree species in this part of the area approaches 
zero (only one species to a plantation, in general). However, because the floodplains 
and other riparian zones along streams, uplands, hardwood imixed forests, hedge- 
rows, and other original vegetation that compose two thirds of the area have been left 
more or less intact, the habitat or gamma diversity of the whole landscape is quite high 
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Figure 7-18. The development of a sustainable (P/R = 1) agro-urban landscape. The town 
marketplace historically has been closely linked to the agricultural landscape. Sustainability in 
the modern agro-urban landscape increasingly must be based on the management of subur- 
ban areas (ecatones) as natural linkages between urban and agricultural systems. (Reprinted 
with permission from Barrett, G. W., T. L. Barrett, and J. D. Peles. 1999. Managing agroeco- 
systems as agrolandscapes: Reconnecting agricultural and urban landscapes. In Biodiversity 
in agroecosystems, ed. W. W. Collins and C. O. Qualset, 197-213. Copyright CRC Press, 
Boca Raton, Florida. Reprinted with permission.) 


(comparable to the diversity of natural soil types). The United States Forest Service, 
which manages the land on this reservation, initially was tempted to expand the pine 
plantations at the expense of these other vegetation types.to increase the yield of pa- 
per pulp and timber. However, such conversion would drastically reduce beta and 
gamma diversity (thus jeopardizing future maintenance and stability). 

Figure 7-18 shows how landscapes can be planned to preserve diversity and yet 
accommodate urban and agricultural development (Barrett et al. 1999), This model 
illustrates the need to integrate urban and agricultural landscapes—a pattern com- 
mon during the nineteenth and twentieth centuries. Columbia, Maryland, is an ex- 
ample of successful planning that was developed within the private, free-market sec- 

~ tor, with the blessings of the state and federal governments, but with a minimum of 
financial assistance from either. : 

Many ecological concepts relating to diversity are conroiretsial and need more 
study (Blackmore 1996; Grime 1997; Kaiser 2000), but most ecologists agree that di- 
versity is necessary for the future survival of humans and nature. In Chapter 2, we | 
strongly argued that natural areas must be preserved for their essential role in life 
support. We can now add a second compelling reason—to preserve and safeguard 
the diversity required for future adaptation and survival (see The Future of Life by E. O. 
Wilson, 2002, which provides a compelling argument for conserving biodiversity). 
Biodiversity at the landscape level will be discussed in more detail in n Chapter 9. 
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Paleoecology: Community Structure in Past Ages 


Statement 


We know from the fossil record and from other evidence that organisms were dif- 
ferent in past ages and have evolved to their present status. Knowledge of past com- 
munities and climates contributes to our understanding of present communities. 
This is the subject of paleoecology, an interface field between ecology and paleontol- 
ogy. Paleoecology is the study of the relationships of ancient flora and fauna to their 
environment. The basic assumptions of paleoecology are (1) that the operation of 
ecological principles has been essentially the same throughout various geological pe- 
riods; and (2) that the ecology of fossils may be inferred from what is known about 
equivalent or related species now living. Findings in DNA fingerprinting have tended 
to confirm these assumptions. DNA sequencing has become a powerful tool for in- 
vestigating genetic variation within and among populations—a tool that has helped 
to merge evolutionary biology with systems ecology. 


Explanation 


Since Charles Darwin proposed the theory of evolution by natural selection (Darwin 
1859), the reconstruction of life in the past through the study of the fossil record has 
been an absorbing scientific pursuit. The evolutionary history of many species. gen- 
era, and higher taxonomic groups has now been pieced together. For example, the 
story of the skeletal evolution of the horse from a four-toed animal the size of a fox 
to its present status is pictured in most elementary biology textbooks. But what about 
the associates of the horse in its developmental stages? What did it eat, and what was 
its habitat and density? What were its predators and competitors? What was the cli- 
" mate like at the time? How did these ecological factors contribute to the natural se- 
lection that must have shaped the horse’s structural evolution? Some of these ques- 
„tions, of course, may never be answered completely. However, scientists have been 
able to determine something of the nature of communities and of their dominant spe- 
cies in the past based on the quantitative study of fossils associated together at the 
same time and place. Moreover, such evidence, together with evidence of a purely 
geological nature, has helped to determine climatic and other physical conditions ex- 
isting at the time. The development of radioactive dating and other geological tools 
has greatly increased our ability to establish the precise time when a given group of 
fossils lived. 
Until recently, little attention was paid to the questions listed m the preceding 
paragraph. Paleontologists were busy describing their finds and interpreting thera in 
‘the light of evolution at the taxonomic level. As information accumulated and be- 
came more quantitative, however, it was only natural that interest in the evolution of 
the group should develop, and thus paleoecology was born. 

In summary, the paleoecologist attempts to determine from the fossil record-haw 
organisms were associated in the past, how they interacted. with existing, physical 
conditions, and how communities have changed over time. The basic assumptions of 
paleontology are that natural laws were the same in the past as they are today, and 
that organisms with structures similar to those in organisms living today had simi- 
lar patterns of behavior and similar ecological characteristics. Thus, ithe fossil evi- ` 
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dence indicates that a spruce forest stood 10,000 years ago where an oak-hickory for- 
est is now, one has every reason to think that the climate was colder 10,000 years ago, 


because modern species of spruce are adapted to colder climates than are oaks anı 
hickories. 


Examples 


Fossil pollen provides excellent material for the reconstruction of terrestrial commu- 
nities that have existed since the Pleistocene. The last great ice sheet, the Laurentide, 
reached its maximum advance about 20,000 to 18,000 years ago during the Wiscon- 
sin glaciation stage in North America. Figure 7-19 shows how the nature of postglacial 
communities and climates can be reconstructed by determining the dominant trees. 
As the glacier retreats, it often leaves scooped-out depressions, which become lakes. 
Pollen from plants growing around the lake sinks to the bottom and becomes fos- 
silized in the bottom mud. Such a lake may fill up and become a bog. By taking a core 
sample from the bog or lake bottom, a chronological record is obtained, from which 
the percentage of various kinds of pollen can be determined. Thus, in Figure 7-19, 
the oldest pollen sample comprises chiefly spruce, fir, larch, birch, and pine, indicat- 
ing a cold climate. A change to oak, hemlock, and beech indicates a warm, moist pe- 
tiod several thousand years later, whereas oak and hickory suggest a warm, dry pe- 
riod still later, and a return to slightly cooler and wetter conditions in the most recent 
part of the profile. Finally, the pollen “calendar” clearly reflects recent human influ- 
ences. For example, clearing of forests is accompanied by an increase in herbaceous 
pollen. According to M. B. Davis (1969), pollen profiles in Europe even show the ef- 


Figure 7-19. Fossil pollen profiles A 
from dated layers in lake sediment cores 
from southern New England. In (A), the 
number of pollen grains of each species 
group is plotted as a percentage of the 
total number in the sample, whereas in 
(B), the estimated rate of pollen deposi- 
tion (10° grains + cm~?» year™') for each 
plant group is plotted. The rate profile 
gives a better indication of the quantita- 
tive nature of the post-Pleistocene vege- 
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fects of the Black Plague, when agriculture declined. resulting in a decrease of her- 
baceous pollen in sediment layers dated at the same time as the widespread death of 
human beings. M. B. Davis (1983, 1989) demonstrated how forests in eastern North 
America have changed with the change in climate, thus helping to reconstruct the 
history of the deciduous forest biome of eastern North America. 

Figure 7-19 also illustrates how improved quantification can change interpreta- 
tions of the fossil record. When pollen abundance is plotted as a percentage of the to- 
tal amount in the sample (Fig. 7-19A), one concludes that New England was covered 
with a dense spruce forest 10,000 to 12,000 yéars ago. However, when carbon dat- 
ing made it possible to determine the rate of pollen deposition in dated layers, as plot- 
ted in Figure 7-198, it became evident that trees of all kinds were scarce 10,000 years 
ago and that the vegetation existing then was actually an open spruce parkland, prob- 
ably not unlike the present one along the southern edge of the Tundra. Statisticians 
often caution against the use of percentage analysis because such analysis may be mis- 
leading: this is a clear example. 

In the ocean, shells and bones of animals often provide the best record. Shell de- 
posits are especially good for assessing diversity in the past. In past ages, when there 
was no ice at the poles, there were many more species in northern sea bottoms than 
there are now. However, in the whole pole-to-equator gradient, there are twice as 
many species of benthic mollusks now—when the poles are ice covered—presum- 
ably because the sharper gradient increases the variety of habitats and, therefore, of 
niches. 

Core samples taken from lake bottoms provide one way to read the recent history 
of human disturbance of the watershed. For example, a study of fossilized diatoms, 
midges, and zooplankton, including the chemical composition of dated sections of 
cores, led Brugam (1978) to identify three stages of human impact in the eastern 
United States: (1) early farming in the late 1700s and 1800s had little effect on the 
lake; (2) intensive agriculture after about 1915 resulted in a flow of agricultural chem- 
icals into the lakes and an increase in eutrophic species of diatoms and midges; and 

(3) suburbanization from the 1960s to the present resulted in still more nutrient en- 
richment and in soil erosion that brought large amounts of minerals and metals (Fe. 
Cu) into the sediments. These inputs produced major changes in the composition of 
the biota, especially the zooplankton. 

Hopefully, the study of past communities and events by means of the fossil record 
will aid humankind in forecasting changes in climate in the future. This.need has he. 
come especially acute because humans appear to be accelerating the process of ch- 
mate change. 


From Populations and-Communities 
to Ecosystems and Landscapes . 


Statement 

The two approaches to studying, understanding, and, where necessary. managing, 
ecosystems are the holistic. approach (hased’on the theory that whole entities have. a 
separate existence beyond the merc sum of their parts) and the reductionist approach 
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Figure 7-20. in the holistic approach, 
inputs and outputs to the “black box” of 
ecosystem science are examined first, 
and individual components of the sys- a 
tem are studied from the perspective of 
how they fit into the whole. (From Li- 
kens, G. E. 2001a. Ecosystems: Ener- 
getics and biogeochemistry. In A new 
century of biology, ed. W. J. Kress and 
G. W. Barrett. Washington, D.C.: Smith- 
sonian Institution Press, 159. Reprinted 
with permission.) 
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(based on the theory that every complex system can be explained by analyzing the 
simplest, most basic parts of that system). In the holistic approach, one first delimits 
the area or system of interest in some convenient way, as a sort of “black box.” Then, 
the energy and other inputs and outputs are examined (Fig. 7-20), and major func- 
tional processes within the system are assessed. Following the parsimony principle 
(least effort), one then examines operationally significant populations and factors as 
determined by observing, by modeling, or by perturbing the ecosystem itself. In this 
general approach, one goes into the details of population components within the box 
only as far as necessary to understand or manage the system as a whole. 


Explanation and Examples 


There are so many exciting things to be learned about individual and interacting pop- 
ulations as one advances from the population and community levels of organization 
to the ecosystem and landscape levels. It is obviously not practical to study every 
population in detail. Also, as abundantly illustrated in this chapter, populations may 
behave very differently when functioning in communities than when they are isolated 
in the laboratory or by enclosures in the field. Once individual components of pop- 
ulations and communities have been studied, how does one reassemble them into 
ecosystems to consider new holistic properties that may emerge as parts function to- 
gether in the intact ecosystem or landscape? 

_ An outstanding example of unraveling ecosystem and landscape complexity is il- 
lustrated in Figure 7-21. A team of scientists from the Institute of Ecosystem Studies 
located at Millbrook, New York, investigated the complex interactions among oak 
trees, deer, white-footed mice, ticks, gypsy moths, and humans with regard to Lyme 
disease, hunting, timber, and forest aesthetics. Each researcher brought special ex- 
pertise to bear on this complex ecosystem/landscape problem (Likens 2001). 

Abundant acorns from oak trees (Quercus) attract white-tailed deer (Odocoileus 
virginianus) to the forest in the northeastern United States. Abundant acorn produc- 
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tion occurs every three to four years (mast years). Deer carry adult black-legged ticks 
(Ixodes scapularis), which drop from the deer and lay eggs in the forest floor. The 
abundance of acorns also attracts white-footed mice (Peromyscus leucopus), which 
rapidly increase in abundance in response to the increased food supply. The follow- 
ing summer, the tick eggs hatch into larvae, which, during the process of obtaining 
blood meals from mice, pick up the spirochete bacterium (Borrelia burgdorferi) that 
causes Lyme disease in humans. 

The tick larvae transform into nymphs a year or so later and pass on the spiro- 
chete when they attach to humans or other mammals for blood meals. In general, the 
risk of Lyme disease’in oak forests is correlated with mast years of acorns with a lag 
of two years (Ostfeld et al. 1996; Ostfeld 1997; Jones et al. 1998; Ostfeld and Jones 
1999). Moreover, predation on the pupae of gypsy moths (Lymantria dispar) by abun- 
dant small mammal populations help to prevent moth outbreaks that, when they 
occur, can result in defoliation and tree deaths in oaks—thus reducing the produc- 
tion of acorns and, consequently, affecting the risk of Lyme disease (Fig. 7-21). These 
interactions illustrate how problems and relationships at the population, community, 
ecosystem, and landscape levels need to be addressed in an interactive manner if 
large-scale problems are to be solved. 

A replicated aquatic mesocosm investigation helps to illustrate how complex 
interactions occurring at the population and community levels affect changes at the 
ecosystem and landscape levels. Ecologists at Miami University of Ohio investigated 
the effects of omnivorous fish on the stability of aquatic food webs in experimental 
ponds (Vanni et al. 1997; Vanni and Layne 1997; Schaus and Vanni 2000). The study 


Figure 7-21. Diagram showing Spirochetes 
the linkages among oak trees, and ticks 
deer, white-footed mice, ticks, gypsy 
maths, and humans in northeastern 
U.S. forests (based on Ostfeld et al. 
1996; Jones et al. 1998; Ostfeld 
and Jones 1999; reproduced with 
permission of R. S. Ostfeld and 
C. G. Jones). 
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focused on whether a common omnivorous fish, the gizzard shad (Dorosoma ceped 
anum), could stabilize aquatic Ecosystems against perturbations. The gizzard shad 
a dominant fish species in many lakes throughout the southern and eastern Unite 
States, and feeds on phytoplankton, zooplankton, and sediments (detritus). By col 
suming sediments and excreting ammonia and phosphate as waste products into i 
water column, gizzard shad effectively “pump” nutrients to phytoplankton. More 
over, because they feed on many different types of food, these fish increase the nu 
ber and types of interactions within the food web. Both increased nutrient supply ari 
increased food web complexity have been theorized to stabilize systems, which le 
these researchers to hypothesize that gizzard shad would stabilize food webs throu g 
either one or both of these mechanisms. 

To test this hypothesis, six ponds (each 45 X 15 meters) were divided with cur- 
tains to yield 12 experimental units (Fig. 7-22). Food webs were then established 
with contrasting densities of gizzard shad (high, moderate, low, or none). Ponds were 
filled from a common supply pond (the large, dark pond in Fig. 7-22), and contained 
similar densities of phytoplankton, zooplankton, and planktivorous fish (bluegill, 
Lepomis macrochirus). Three replications of each of the four density treatments were 
established by adding the appropriate number of gizzard shad to each pond. Com- 
munities were allowed to equilibrate over a six-week pre-perturbation period, and 
then a large pulse of nitrogen and phosphorus was added. This perturbation simu- 
lated a common disturbance experienced by many lakes, which receive large pulses of 
nutrients following storm events in the form of runoff from surrounding watersheds. 


Figure 7-22. Aerial photograph of experimental ponds 
located at the Miami University of Ohio Ecology Research 
Center, Oxford, Ohio. The larger supply pond is located 
lower center. Ponds without gizzard shad (Dorosoma cepe- 
dianum) are dominated by green algae. 





Courtesy of Steven J. Harper 
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Figure 7-23. Monarch butterfly (Da- 
us plexippus) resting on a milkweed 


sclepias syriaca) plant. 


The results partially supported the hypothesis that omnivorous gizzard shad sta- 
bilize food webs. As predicted, phytoplankton biomass showed increased resistance 
and resilience to the nutrient pulse in ponds with high gizzard shad density. How- 
ever, the phytoplankton community: composition was less stable in ponds with om- 
nivorous fish. Ponds with gizzard shad became dominated by cyanobacteria after 
the pulse, whereas those without gizzard shad remained dominated by green algae 
(bright green ponds), the condition that existed prior to the perturbation. This study 
demonstrated that it is necessary to study multiple response variables to quantify the 
stability of food webs. Without conducting controlled, replicated experiments, it may 
be difficult to accurately predict-how systems will respond to disturbance—an im- 
portant concern of ecologists given the prevalence of perturbations to many natural 
systems at the landscape scale. l 

Another example that ranges from the population through the landscape levels of 
organization is the life history of the monarch butterfly (Danaus plexippus). To un- 
derstand the population dynamics of the monarch, one must also understand its mu- 
tualistic relationship with milkweed (Asclepias syriaca). Milkweed contains cardiac 
glycosides that, when absorbed by the monarch butterfly larvae, whose sole source 
of food is milkweed foliage (Fig. 7-23), make the larvae and the adult butterflies toxic 
to birds and other predators. The bright orange of the monarch serves as a warning 
of danger to predators and also as a model for mimic specics (Brower 1969). 

The monarch has evolved an extraordinary spring and fall migration pattem, per- 
mitting it to use the abundant milkweed food supply across the North American con- 


tinent. Remarkably—and in contrast to vertebrate migrations—the monarch’s navi- 


gation from the upper midwestern United States to its overwintering sites in the fir 
forests of the Sierra Transvolcanica mountain range in central Mexico (Fig. 7-24A) 
is carried out by descendants three or more generations removed from their mi- 
grant forebears. That is, the fall migration is completely inherited, with no opportu- 
nity for learned behavior (Brower 1994). Survivors from the overwintering colonies 
begin migrating northward in March to lay their eggs in sprouting milkweed plants 
(Fig. 7-24B). These adult individuals then die, but their offspring, produced in late 
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Figure 7-24. (A) Fall migrations of the 

eastern populations of the monarch but- 

terfly (Danaus plexippus) in North Amer- 

ica. (B) Spring migrations of the east- 

ern population of the monarch butterfly, 

including the spring breeding area (af- 
í ter Brower and Malcolm 1991; Brower 
; 1994). 
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April and early May, continue the migration northward to Canada (the northern limit 
of Asclepias). The temporal and spatial scale of this migration constitutes a unique 
ecological phenomenon. 

The relationship between the parts and the whole may well depend on the level - 
of complexity. At one extreme, ecosystems subjected to severe physical limitations (as 
on the Arctic Tundra or in a hot spring) have relatively few biotic components. Such 
“low-numbers” systems can be studied and understood by focusing on the parts, be- | 
cause the whole is probably very close to the sum of the parts, with few, if any, emer- 
gent properties. In contrast, “large-numbers” systems (such as the landscape and the i 
ecosphere) have a great many components that act synergistically to produce emer- | 
gent properties—the whole is definitely not just a sum of the parts. Studying all the 
parts separately is out of the question, so one must focus on the properties of the 
whole. Most ecosystems as delimited in practice (a lake or a forest, fot example) are 
“middle-numbers” systems that can best be studied by a multilevel or “black box” ap- 
proach, as described earlier in this section. For more on levels-of-complexity theory, 
see T. F. H. Allen and Starr (1982); O'Neill et al. (1986); T. F. H. Allen and Hoekstra 
(1992); and Ahl and Allen (1996). 

How to deal with parts versus wholes has long confounded philosophers and be- 
deviled societies. Scientists in all disciplines are split on the question of reductionism 
versus holism. The difficulty in dealing simultaneously with the part and the whole 
is perhaps best reflected in the conflict between the individual good and the public 
good. Numerous economic and political approaches designed to deal with this con- 
flict have been suggested or tried, but as yet with little success. In the United States, 
elected governments over the years have shifted back and forth from strong attention 
to the individual (the “conservative” stance) to emphasis on public well-being (the 
“liberal” stance), so the parts (individual) and the whole (public) get attention, but 
not at the same time. Perhaps the study of how natural ecosystems develop, to be 
considered in Chapter 8, may help resolve this problem. 
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Strategy of Ecosystem Development 


Statement 


Ecosystem development, more often known as ecological succession, involves 
changes in energy partitioning, species structure, and community processes over 
time, When not interrupted by outside forces, succession is reasonably directional 
and, therefore, predictable. It results from the modification of the physical environ- 
ment by the community and from competition-coexistence interactions at the popu- 
lation level—that is, succession is community controlled even though the physical 
environment determines the pattern and the rate of change and often limits the ex- 
tent of development. If successional changes are largely determined by internal inter- 
actions, the process is known as autogenic (“self-generated”) succession. If outside 
forces in the input environment (such as storms and fire) regularly affect or control 
change, there is allogenic (“externally generated”) succession. 

When new territory is opened or becomes available for colonization (for ex- 
ample, after a volcanic lava flow, in an abandoned crop field, or in a new water im- 
poundment), autogenic succession usually begins with an unbalanced community 
metabolism, where gross production, P, is either greater than or less than community 
respiration, R, and proceeds toward a more balanced condition, where P = R. The ra- 
tio of biomass to. production (B/P) increases during succession until a stabilized eco- 
system is achieved, in which a maximum of biomass (or high information content) 
and symbiotic function between organisms are maintained per unit of available en- 
ergy flow. 

The whole sequence of communities that replace one another in a given area is 
termed the sere; the relatively transitory communities during succession are vari- 
ously termed seral stages or developmental stages. The initial seral stage is termed 
the pioneer stage and is characterized by early successional pioneer plant species yp- 
ically annuals), which exhibit high rates of growth, small size, short life span, and 
production of a great number of easily dispersed seeds. The terminal stage or mature, 
stabilized system is the climax, which persists, in theory, until aflected by major dis- ` 
turbances. Succession beginning with P > R is autotrophic succession, contrasting 
with heterotrophic succession, which begins with P < R. Succession on a previ- 
ously unoccupied substrate (such as a new lava flow) is termed primary succession, 
whereas succession starting on a site previously occupied by another community (such 
as a clear-cut forest or abandoned crop field) is known as secondary succession. 

It is to be emphasized that the mature or climax stage is best recognized by the 
state of the community metabolism, P = R, rather than by species composition, 
which varies widely with topography, microclimate, and disturbance. Even though, 
as already emphasized, ecosystems are not “superorganisms,” their development has 
many parallels in the developmental biology of individual organisms and in the de- 
velopment of human societies, in that they progress from “youth” toward “maturity.” 


Explanation and Examples 


Descriptive studies of succession on sand dunes, grasslands. forests, marine shores, 
or other sites—and more recent functional considerations— have led to a partial un- 
derstanding of the developmental process and generated.a ruamber of theenes about 
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Table 8-1 


A tabular model for ecological succession of the autogenic type 





Ecosystem characteristic 


Trend in ecological development 
Early stage — Climax 
Youth > Maturity 
Growth stage — Pulsing steady state 





Energy flow (community metabolism) 


Gross production (P) 


Net community production (yield) 
Community respiration ( ) 

PIR ratio 

PIB ratio 


B/P and B/R ratios (biomass 
supported per unit energy) 


Food chains 


Community structure 
Species composition 


Size of individuals 
Species diversity 


Total biomass (B) 
Nonliving organic matter 


Biogeochemical cycles 
Mineral cycles 


Turnover time and storage of 
essential elements 


Internal cycling 
Nutrient conservation 


Natural selection and regulation 
Growth form 


Life cycles 

Symbiosis (living together) 
Entropy 

|nformation 


Overall efficiency of energy and 
nutrient use i 


Resilience 
Resistance 


Increases during early phase of primary 
succession; little or no increase during 
secondary succession 


Decreases 
Increases 
P>RtoP=R 
Decreases 
Increase 





From linear food chains to complex food webs 


Changes rapidly at first, then more gradually 
(relay floristics and faunistics) 


Tends to increase 


Increases initially, then stabilizes or declines in 
older stages as size of individuals increases 


Increases 


Increases 


Become more closed 
Increases 


Increases 
Increases 


From r-selection (rapid growth) to K-selection 
(feedback control) 


Increasing specialization, length, and complexity 
Increasing mutualism 

Decreases 

Increases 

Increases 


Decreases 
Increases 





Source: Tabular model after E. P. Odum 1969, 1997. __ 
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Courtesy of Gary W. Barrett 


Figure 8-1. Photographs of (A) a young old-field commu- 
nity located in Union County, Indiana, and (B) a sugar maple 
tree. The maple tree is in a mature beech-maple climax forest 
in Hueston Woods State Park near Oxford, Ohio. The boiled 
concentrated sap of the sugar maple (Acer saccharum) is the 
commercial source of maple sugar and syrup. 


its cause. H. T. Odum and Pinkerton (1955), building on the Lotka law of the maxi- 
mum energy in biological systems (Lotka 1925); were the first to point out that suc- 
cession involves a functional shift in energy flows, with increasing energy relegated 
to maintenance (respiration) as the standing crop of biomass and organic maiter ac- 
cumulates. Margalef (1963b, 1968) documented this bioenergetic basis for succes- 
sion and extended the concept. The role that population interactions piav m shaping 
the course of species replacement—a characteristic feature of ecological succession — 
was discussed during the 1970s and 1980s (see Connell and Slavter 1977, McIntosh 
1980; for reviews). Much of the controversy considering these reviews is reduced if 
the stages of development are based on energetics rather than on species composi- 
tion, as noted in the Statement. 
Changes that may be expected to eccur in major structural and functicnal char- 
acteristics of autogenic development are listed in Table 8-1, in which 24 attributes of 
. ecological systems are grouped for convenience of discussion under four headings: 
Trends contrast the situation in early and in late development. Figure 5-1A illustrates 
a young ecosystem (old-field community) in the early stage of development and Fig- 
ure 8-1B shows a mature ecosystem (beech-maple forest) in the late stage of devel- 
opment. The degree of absolute change, the rate of change, and the time required to 





Courtesy of Gary W. Barrett 
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reach a mature status may vary not only with different climatic and physiographic 
conditions but also with different attributes of the ecosystem in the same physical en- 
vironment. When good data are available, rate-of-change curves are usually convex. 
with changes occurring most rapidly at the beginning of development, but bimoda 
or cyclic patterns may also occur. 

The trends listed in Table 8-1 represent those that are observed to occur when in: 
ternal, autogenic processes predominate. The effect of external, allogenic disturbance: 
may reverse or otherwise alter these developmental trends, as will be discussed later 


l Bioenergetics of Ecosystem Development 


The first seven attributes in Table 8-1 relate to the bioenergetivs of the ecosystem. In 
the early stages of autotrophic succession in an inorganic environment, the rate of 
primary production or total (gross) photosynthesis, P, exceeds the rate of community 
respiration, R, so that the P/R ratio is typically greater than 1. The P/R ratio is less 
than 1 in the special case of an organic environment (such as a sewage pond), so suc- 
cession in such cases is termed heterotrophic, because bacteria and other heterotrophs 
are the first to colonize the environment. In both cases, however, the theory is that 
P/R approaches 1 as succession proceeds. In other words, the energy fitted by pro- 
duction tends to be balanced by the energy cost of maintenance (total community 
respiration) in the mature or climax ecosystem. The P/R ratio, therefore, is a func- 
tional index of the relative maturity of the system. 

As long as P exceeds R, organic matter and biomass, B, will accumulate in the sys- 
tem, with the result that the ratios B/P, B/R, and B/E (where E = P + R) will increase 
(or conversely, the P/B ratio will decrease). Recall that these ratios were discussed in 
Chapter 3 in terms of the laws of thermodynamics. Theoretically, then, the amount 
of standing crop biomass supported by the available energy flow, E, increases to a 
maximum in the mature or climax stage. As a consequence, the net community pro- 
duction, or yield, in an annual cycle is large in the early stages and small or zero in 
mature stages. Paai 

= A simplified systems (cybernetic) model is shown in Figure 8-2A, in which 
internal, autogeni¢c.processes are considered as inputs that are modified by periodic 
allogenic inputs. Figure 8-2B, an energy flow model, shows the basic change in en- 
ergy partitioning between P and R mentioned earlier. As the organic structure builds 
up, more and more energy is required to maintain this structure and dissipate disor- 
der, and so less energy is available for production. This shift in energy use has paral- 
lels in the development of human societies, and it greatly affects attitudes about how 
the environment is treated, as we shall see later in this chapter. Figure 8-2C is a sum- 
mary of how the three main factors—production, respiration, and biomass— change 
over time. 





Comparison of Succession in a Laboratory Microcosm and a Forest 


_ One may observe bioenergetic changes by initiating succession in experimental lab- 
oratory microecosystems of the type derived from natural systems, as described in 
Chapter 2. In Figure 8-3, the general pattern of a 100-day autotrophic succession in 
a typical flask-microcosm experiment, based on data from Cooke (1967), is com- 
pared with a hypothetical model of a 100-year forest succession presented by Kira 
and Shidei (1967). 
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Figure 8-2. Ecosystem development models. (A) Systems (cybernetic) model; (B) Energy 
flow model; and (C) Production/respiration (P/R) maintenance model. 


During the first 40 to 60 days in the microcosm experiment, daytime net pro- 
à duction, P, exceeds nighttime respiration, R, so that biomass, B, accumulates in the 
system. After an early “bloom”. at about 30 days, both rates decline and become ap- 
proximately equal at 60 to 80 days. The B/P ratio, in terms of grams of carbon sup- 
ported per gram of daily carbon production, increases from less than 20 to more than 
100 as the steady state is reached. Not only are autotrophic and heterotrophic me 
tabolism balanced in the climax stage, but also a large organic structure is supported 
by small daily production and respiration rates. The relative abundance of species 
also changes, so that different kinds of bacteria, algae, protozoa, and small crusta- 
ceans dominate at the end than at the beginning of the 100-day succession (Gorden 
et al. 1969). ; 

Direct projection from small laboratory microcosms to natural systerns is not pos- 
sible, because the former are limited to small organisms with simple life histories and, 
of necessity, have a reduced species and chemical diversity. Nevertheless, the same 
basic trends seen in the microcosm are characteristic of succession on land and in 
large bodies of water. Seasonal succession.also often follows the same: paitern—an 
early seasonal bloom, characterized by rapid growth of a few dominant species, fol- 


l lowed later in the season by the development of high B/P ratios, increased diversity, 
and a relatively steady, although temporary, state in terms of P and R. Open systems 
may not experience a deeline in total or gross productivity at maturity, as the space- 
limited microcosms do, but the general pattern of bicenergetic change iminierocosms 

seems to mimic nature quite well. 
It is also interesting to note that peak net primary production (P..), which repre- 
sents the maximum yield possible, comes at 30 days in the microcosmandat 30 years 
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Forest succession Microcosm succession 
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Figure 8-3. Comparison of the energetics of ecosystem development in (A) forests 
(B) microcosms. Po = gross production; Py = net production (shaded area); R = respira 
B = biomass (after Cooke 1967; Kira and Shidei 1967). 


in the forest. Short-rotation forestry is based on harvesting at the peak of Py, which 
on many sites comes between 20 and 40 years. 


Allogenic Compared with Autogenic Influences 


Imported materials or energy, geological forces, storms, and human disturbances can 
and do alter, arrest, or reverse the trends shown in Table 8-1. For example, eutrophi- 
cation of a lake, whether natural or cultural, results when nutrients and soil enter the 
lake from outside—that is, from the watershed. This is equivalent to adding nutri- 
ents to a laboratory microecosystem, or fertilizing a field; the system is “set back” in 
successional terms, to younger, “bloom” states. Brewer et al. (1994) noted, for ex- 
ample, that nutrient enrichment in an old-field community for 11 years resulted in a 
system that continued to be dominated by annual plant species, rather than the pe- 
rennials that dominated mature (control) plots. Allogenic succession of this type is, in 
many aspects, the reverse of autogenic succession. When the effect of allogenic pro- 
cesses consistently exceeds that of autogenic ones, as in the case of many ponds and 
small lakes, the ecosystem not only cannot stabilize but also may become “extinct” by 
filling up with organic matter and sediments and becoming a bog or a terrestrial com- 
munity. Such is the ultimate fate of human-made lakes subjected to accelerated ero- 
sion within the watershed. 
Lakes can.and do progress to a more oligotrophic (less enriched) condition when 
nutrient input from the watershed slows or ceases. Thus, there is hope that the 
troublesome cultural eutrophication, which reduces water quality and shortens the 
life of the water body, can be reversed if the inflow of nutrients from the watershed 
can be greatly reduced. An example is the recovery of Lake Washington (Fig. 8-4), 
located in Seattle, described by W. T. Edmondson (1968, 1970). For 20 years, treated, 
nutrient-rich sewage was discharged into the lake, which became increasingly tur- 
bid and full of nuisance algal blooms. As a result of public outcry, sewage effluent was 
diverted from the lake, which quickly returned to a mote oligotrophic condition 
(clearer water and no blooms). 
The interaction of external and internal forces can be summarized in a general 











Figure 8-4. Lake Washington, Se- 
attle, where W. T. Edmondson con- 
ducted his classic research in the field 


of restoration ecology. 
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systems model (Fig. 8-2A) of the form first introduced in Figure 1-5 Autogenic 
forces are depicted as internal input or feedback. which, in theory, tends to drive the 
system toward some sort of equilibrium state. Allogenic forces are depicted as peri- 
odic, external input disturbances, which set back or otherwise alter the develop- 
mental trajectory. 

Where ecosystem development takes a long time to run its course—as in a for- 
est development starting from bare ground—periodic disturbances will affect the 
successional process, especially in the variable environments of the temperate zones. 
Oliver and Stephens (1977) reported on a study of the vegetational history of a small 
area of the Harvard Forest located in Massachusetts. Fourteen natural and human- 
caused disturbances of varying magnitudes occurred, at irregular intervals, between 
1803 and 1952. There was also evidence of two hurricanes and a fire before 1803. 
Small disturbances did not bring in new species of trees but often allowed species al- 
ready in the understory, such as black birch (Betula lenta), red maple (Acer rubrum), 
and hemlock (Tsuga canadensis), to emerge into the canopy. Large-scale disturbances 
(such as a hurricane or a large fire) created openings, into which early successional 
species (such as pin cherry, Prunus pennsylvanica) invaded, where a new age class de- 
veloped from séeds or seedlings already present on or in the forest floor (northern red 
oak, Quercus rubra, was a species that often filled such openings and grew to canopy 
dominance after several decades). Replacement and succession in forest clearings has 
been termed gap phase succession. Oliver and Stephens concluded from their study 
that the composition of the forest in the 1970s was more the result of allogenic influ- 
ences than of autogenic development. In a subsequent review paper, Oliver (1981) 
concluded that severity and frequency of disturbance are the major factors deter- 
mining forest structure and species composition in many areas of North America 
More recently, Dale et al. (2001) noted that climate change can affect forest structure 
and function by altering the frequency, intensity, duration, and timing of fire, drought, 
introduction of exotic species, and insect or pathogen outbreaks. 
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Figure 8-5. Wave-generated suc- 
cession in a balsam fir forest. Bands 
of different shades represent successive 
waves of development (Spruge! and Bor- 
mann 1981). 


If disturbances are rhythmic (come at more or less regular intervals), either be- 
cause of a cyclic input environment or because of periodicities in the community de- 
velopment itself, the ecosystem undergoes what can logically be termed cyclic suc- 
cession. The historic 1988 fire in Yellowstone National Park, for example, appears to 
be a cyclic phenomenon, occurring every 280 to 350 years (Romme and Despain 
1989; see the November 1989 issue of BioScience entitled “Fire Impact on Yellow- 
stone” for details). The fire-chaparral vegetation cycle described previously (Chap- 
ter 5) is an example of a self-generated cyclic succession, because the accumulation 
of undecomposed litter builds up fuel for the periodic fires in the dry season. 

Another example of cyclic succession is the wave-generated succession in balsam fir 
(Abies balsamea) forests at high altitudes in the northeastern United States (Sprugel 
and Bormann 1981). As trees reach their maximum height and density in the thin 
soils, they become vulnerable to strong winds that uproot and kill old trees, thereby 
starting a secondary succession. As shown in Figure 8-5, a series of bands of young, 
mature, and dead trees (the latter appearing as light-colored bands in the figure) 
cover the mountainside. Because of the continuous cyclic succession, the bands move 
as “waves” across the landscape in the general direction of the prevailing winds. At 







Courtesy of D. G. Sprugel and F. H. Bormann 


any one time, all stages of succession are present, providing a variety of habitats for 


animals and smaller plants. The whole mountainside constitutes a cyclic climax in 
equilibrium with the surrounding environment. 

The natural pattern of alternating bands of young and mature stands suggests that 
strip or patch clear-cutting could prove to be a good commercial harvest procedure 

_ for large forested areas, because natural regeneration would be facilitated (thus avoid- 

- ing éxpensive tree replanting), and soil and animal populations would be little dis- 
‘turbed compared with the disturbance in a massive clear-cut of the whole forest. Fur- 
thermore, mixtures of different successional stages provide an abundance of edges 
(see Chapter 2) that benefit many forms of wildlife. 

Still another example of cyclic succession is the cycle of spruce and budworms 
(described in Chapter 6). In this case, the periodic disturbance is not a physical force 
but a herbivore that defoliates and kills older growth, thus bringing on a succession 
of young growth. 
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The adjective perturbation dependent is frequently used to designate eco- 
systems that are especially adapted to recurrent disturbances by virtue of a makeup 
of quick recovery processes and species (see Vogl 1980 for a review). In predicting 
and managing recovery after a disturbance, such as strip mining, one must know in 
detail the succession pattern and recovery potential of the ecosystem in question, so 
that reclamation efforts will help and not hinder the natural recovery process (McIn- 
tosh 1980). A tentative hypothesis is that older stages of succession, in general, are 
more resistant to nominal or short-term stress (such as a one-year drought) than are 
younger stages, but the younger stages are more resilient (recover more quickly) to 
catastrophic stress; such as a large storm or fire (see Table 8-1). 


Nutrient Cycling 


Important trends in successional development involve an increase in turnover time, 
greater storage of materials, and increased biogeochemical cycling of major nutrients, 
such as nitrogen, phosphorus, and calcium (Table 8-1). The extent to which the con- 
servation of nutrients is a major trend or strategy in ecosystem development is con- 
troversial, partly because there are different ways to index it. Figure 8-6 illustrates the 
problem. Vitousek and Reiners (1975) noted that biogenic nutrients will likely be 
stored within the system as biomass accumulates during the early stages of succes- 
sion. According to their theory, the ratio of output, O, to input, I, drops below 1 as 
nutrients go into biomass accumulation. The O/I ratio then rises again to 1 as output 
balances input in the mature climax, when there is no further net growth. However, 
nutrients may continue to accumulate in soil even after plants are no longer adding to 
their living biomass. Thus, the output /input ratio is not the only way, or perhaps not 
the best way, to assess the behavior of nutrients. As shown in Figure 8-6, the cycling 
index (CI = ratio of recycled input to output; see Chapter 4) increases steadily as the 
system matures; accordingly, nutrients are retained for a longer period and reused, 
thereby reducing the input requirement, even though input and output are balanced. 
Also, the ratio of amount stored, S, to amount lost, O, is likely to be low in the early 
stages and increase in later stages. In summary, there are theoretical reasons and 
some observational evidence that storage and recycling of nutrients increase during 
ecosystem development, so that the requirement for input nutrients per unit of bio- 





Figure 8-6. Hypothetical trends in output/input (O//) ratio, 

cycling index (C/), and storage/output (S/O) ratios of nutrients 1.0 

during succession; BG = bare ground, ES = early stages; 0.9 

MS = middle stages; SS = steady state (from J. T. Finn 1978). 0.8 
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mass supported is reduced. No such conservation would be expected for nonessen- 
tial or toxic elements. 

There may be a shift in nitrogen source from nitrate to ammonia during succes- 
sion. Theoretically, pioneer plants primarily use nitrate, whereas later stages, partic- 
ularly forest stages, use ammonia as a nitrogen source. A shift from nitrate to ammo- 
nia reduces the amount of energy necessary to recycle nitrogen (see discussion of the _ 
nitrogen cycle in Chapter 4) and, thereby, increases the efficiency: of energy use. - 
However, Robertson and Vitousek (1981) could not find experimental evidence of . 
the nitrate-to-ammonia shift, so the question remains open. 

Also needing more quantitative study is the tendency for nitrogen fixation, my- 
corthizal symbiosis, and other mutualisms that enhance the efficiency of nutrient 
cycling to increase during the course of succession (Table 8-1). It may be that nutrient- 
conserving mutualisms respond more to demand (nutrient scarcity) hani to ecosys- 
tem development. 


Replacement of Species 


A more or less continuous replacement of species over time is characteristic of most 
successional seres. The changing species composition of vegetation has been termed 
relay floristics by Egler (1954), and, of course, there is also relay faunistics, because an- 
imal species also replace one another in the sere. ; 

If development begins on an area previously unoccupied by a community (such 
as a newly exposed rock or sand surface, or a lava flow), the primary succession that 
ensues may be slow to begin and may require a long time to reach pulsing-state ma- 
turity. The classic example of primary ecological succession occurs on the Indiana 
Dunes National Lakeshore at the south end of Lake Michigan. The lake was once 
much larger than it is at present. In retreating to its present boundaries, the lake left 
successively younger and younger sand dunes. Because of the sand substrate, suc- 
cession is slow, and a series of communities of various ages are available for observa- 
tion—pioneer stages at the lake shore and increasingly older seral stages as one pro- 
ceeds away from the shore. In this “natural laboratory of succession,” H. C. Cowles 
(1899) made his pioneer studies of plants and V. E. Shelford (1913) made his classi- 
cal studies of animal succession. Both studies showed that species of plants and ani- 
mals changed with the increasing age of dunes; species present at the beginning were 
completely replaced by other, quite different species in the older communities. Olson 
(1958) restudied ecosystem development on these dunes and provided additional in- 
formation on rates and processes. Because of the encroachment of heavy industry, 
conservationists are hard pressed in their efforts to preserve the dune series, but for- 
tunately, some parts of the Indiana Dunes are now protected as the Indiana Dunes 
National Lakeshore (see Pavlovic and Bowles 1996 for details). Citizens should sup- 
port such preservation efforts, because these areas not only have a priceless natural 
beauty that can be readily enjoyed by urban dwellers but also constitute a natural 
teaching laboratory, in which the visual display of ecological succession is dramatic. 

The pioneer colonists on the dunes are beach grasses (Ammophila, Agropyron, 
Calammophila), willow (Salix), sand cherry (Prunus depressa), and cottonwood trees 
(Populus deltoides), and animals such as long-legged tiger beetles that flit along the 
sand, burrowing spiders, and grasshoppers. The pioneer community is followed by 
open, dry forest of jack pine (Pinus banksiana), then black oak (Quercus velutina), and 
finally, on the oldest dunes, moist forests of oak and hickory or beech and maple. Al- 
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though the community began on a very dry and sterile sort of habitat, development 
eventually results in a closed canopy forest, moist and cool in contrast with the bare 
dunes. The deep, humus-rich soil, with earthworms and snails, contrasts with the 
dry sand that it replaced. Thus, the original, relatively inhospitable pile of sand is 
eventually transformed completely by the action of a succession of communities. 

Succession on dunes in the early stages is often arrested when the wind piles up 
the sand over the plants, and the dune begins to move, entirely covering the vegeta- 
tion in its path. This is an example of the arresting or reversing effect of allogenic per- 
turbations discussed earlier in this section. Eventually, however, as the dune moves 
inland, it becomes stabilized, and pioneer grasses and trees again become estab- 
lished. Using carbon dating, Olson (1958) estimated that about 1000 years are re- 
quired to reach a forest climax on the dunes of Lake Michigan—about five times 
longer than required for mature forest development starting from a more hospitable 
site, as seen in the next example. 

An example of secondary succession is illustrated in Figure 8-7, which shows the 
sequence of plant communities and bird populations that develop on abandoned 
upland agricultural fields on the Piedmont of the southeastern United States. Pio- 
neer colonists are r-strategist annual plants, such as crabgrass (Digitaria), horseweed 
(Erigeron), and ragweed (Ambrosia), which spend a large part of their energy on dis- 
persal and reproduction. After two or three years, perennial forbs (asters and golden- 
rods), grasses (especially broomsedge, Andropogon), and shrubs such as blackberry 
(Rubus) move in. If there is a good seed source nearby, pines invade and soon forma 
closed canopy, shading out the early pioneers. Several species of fast-growing decid- 
uous trees, such as sweetgum and tulip trees, often come in with the pines. Because 
all these species are long-lived, the pine stage (with scattered broad-leaved trees) per- 
sists for a long time, but gradually an understory of shade-tolerant oaks and hicko- 
ries develops. As pines cannot reproduce under their own shade, the oaks and hick- 
ories rise to canopy dominance as the pines die from disease, old age, and storms. 

As shown in Figure 8-7, bird populations change with each major seral stage; the 
most pronounced changes occur as the life-form of the dominant plants changes 
(herb to shrub to pine to hardwood). Habitat selection by birds is more targeted to 
vegetative life-form than to species of plant. No species of plant or bird can thrive 
from one end of the sere to the other. Species have their maxima at different points 
in the time gradient. Ostfeld et al. (1997) documented a similar relay succession of 
small mammals and the effect they had on the survival of tree’seeds and seedlings in 
old-field secondary succession. Animals are not just passive agents in community 
change. Birds and other animals disperse seeds necessary for the establishment of 
shrub and hardwood stages, and herbivores, parasites, and predators often control 
the sequence of species. - 

In shallow-water marine habitats, large animals rather than plants often provide 
the structural matrix. Glemarec (1979) described a secondary succession of benthic 
animals off the Brittany coast of France. A period of relative calm followed after storms 
caused a redistribution of sediments and disruption of bottom fauna. During this pe- 
riod, in the absence of outside interference, a more or less directional and predictable 
sequence of populations established dominance. First came bivalve suspension feed- 
ers, then bivalve deposit feeders, and finally, the benthos became dominated by poly- 
chaete worm detritus feeders, thus confirming the theory that uninterrupted succes- 
sion converts an inorganic environment to a more organic one. 

Secondary plant succession is as striking in grassland regions as in forests regions, 








Figure 8-7. General pattern of eco- 
logical succession on abandoned farm- 
land in the southeastern United States. 
The graph shows changes in songbird 
populations that accompany changes in 
vegetation (after Johnston and Odum 
1956; E. P. Odum 1997). 
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per 100 acres or greater in one or more of the four community types: 
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Figure 8-8. The Oregon Trail near 
Scottsbluff, Nebraska, where a trace 
etched by the wheels of wagons that 
carried settlers during the 1840-1860 
westward migrations between Missouri 
and Oregon is still evident. 


even though only herbaceous plants are involved. Shantz (1917) described succes- 
sion on the abandoned wagon roads used by pioneers crossing the grasslands of the 
central and western United States (Fig. 8-8), and virtually the same sequence has 
been described many times since. Although the species vary geographically, the same 
pattern holds everywhere. This pattern involves four successive seral stages: (1) an 
annual weed stage (2-5 years); (2) a short-lived grass stage (5-10 years); (3) an early 
perennial grass stage (10-20 years); and (4) a climax grass stage (reached in 20- 
40 years). Thus, starting from bare or plowed ground, 20 to 40 years is required for 
nature to “build” a climax grassland—the actual time depending on the limiting ef- 
fect of moisture, grazing, and other factors. A series of dry years or overgrazing causes 
the succession to revert toward the annual weed stage, how far back depends on the 
severity of the effect. Increased nutrient enrichment, either with commercial fertilizer 
or with municipal sludge, will also arrest secondary succession in the annual weed 
stage of development (W. P. Carson and Barrett 1988; Brewer et al. 1994) 
Succession is equally apparent in aquatic as in terrestrial habitats. However, as 
already emphasized, the community development process in shallow-water eco- 
systems (ponds and small lakes) is usually complicated by strong inputs of materials 
and energy from the watershed that may speed up, arrest, or reverse the normal trend 
of community development that would occur in the absence of such strong allogenic 
influences. The complex interaction of autogenic and allogenic successien is ilus- 
trated by the rapid changes in artificial ponds and impeunded lakes. When. a reser- 
voir is created by flooding rich soil or an area with a large arnouni of organic matter 
(as when a forested area is flooded), the first stage in development is a highly pro- 
ductive bloom stage, characterized by rapid decomposition, high microbial activity, 


abundant nutrients, low oxygen levels at the bottom, but often rapid and vigazous. 


growth of fish. People who fish are very pleased with this stage. However, whew the 
stored nutrients are dispersed and the accumulated food used up, the reservoir sta- 
bilizes at a lower rate of productivity, with higher benthic oxygen. and-lower fish 
yields. Those who fish may be displeased with this stage (Fig. 8-9). However, this sys- 
tem and fish yield will likely remain stable on a long-term basis. 

If the watershed is well protected by mature vegetation, or if the soils of the water- 
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Figure 8-9. Fish abundance in a main- 

stream reservoir on the upper Missouri 200 
River from the second to the fifteenth year 

after completion of a dam in Lake Francis 

Case, South Dakota (data from Gasaway. 

1970). 
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shed are infertile, the stabilized stage in bodies of water may last for some time—a 
“climax” of sorts. However, erosion and various human-accelerated nutrient inputs 
usually produce a continuing series of transient states until the basin fills up. Im- 
poundments in impoverished watersheds or primary, sterile sites will, of course, have 
a reverse pattern of low productivity at the start. Failure to recognize the basic nature 
of ecological succession and the relationships between the watershed and the im- 
poundment has resulted in many failures and disappointments in human attempts to 
maintain such artificial ecosystems. 

Because the oceans are, generally speaking, in a mature state and have been chem- 
ically and biologically stabilized for centuries, oceanographers have not been con- 
cerned with ecological succession. However, with pollution threatening to disturb 
equilibria in the sea, the interaction of autogenic and allogenic processes is starting 

_ to receive greater attention from marine scientists. Successional changes are evident 
in coastal waters, as already noted in the example of the development of benthic com- 
munities after severe storms have disrupted the sea bottom. Changes that occur in such 
a successional gradient in the coastal water column can be summarized as follows: 


* The relative abundance of mobile forms among the phytoplankton increases; 
* Productivity slows down, 


* The chemical composition of the phytoplankton, as exemplified by the plant pig- 
ments, changes; 


* The composition of the zooplankton shifts from passive filter feeders to more ac- 
tive and selective hunters, in response to a shift from numerous small suspended 
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food particles to scarcer food concentrated m bigger umts and dispersed in a 
more organized (stratified) environment, and 


* In the later stages of succession, total energy transfer may be lower, but its effi- 
ciency seems to improve. 


The succession of organisms on artificial substrates in aquatic environments has 
received a great deal of attention, because of the practical importance of the fouling 
of ship bottoms and piers by barnacles and other sessile marine organisms. Small 
replicated substrates, such as glass slides or squares of plastic, wood, or other mate- 
rial, are widely used to assess the effect of pollutants on biota in both fresh and salt 
water (see Patrick 1954 regarding the early use of this method). Such substrates are 
a kind of microcosm, on which one would expect ecological succession to occur, but 
as with any restricted or simplified model, one must be cautious about projecting hy- 
potheses to larger, less space-limited, open systems that possess many kinds of sub- 
strates. In general, the first species to colonize these substrates are those that have 
abundant propagules available in the water when and where the surfaces become 
available for colonization. Sometimes, these pioneers change the physical or chemi- 
cal nature of the substrate in ways that may facilitate the invasion of other species, 
but just as often the pioneers resist encroachment by other species and endure until 
replaced by a better competitor. As already noted in discussing intertidal communi- 
ties on rocky coasts (see Chapter 7), negative interaction (competition and predation) 
plays a greater role than positive interaction (coexistence and mutualism) in deter- 
mining the replacement of species in confined or space-limited habitats. 


Heterotrophic Succession 


A laboratory hay-infusion microcosm experiment provides an example of hetero- 
trophic succession—and also a laboratory experiment for an ecology class. When a 
culture medium made by boiling hay is allowed to stand, a thriving culture of bacte- 
tia develops. If some pond water (containing seed stock for various protozoa) is then 
added, a definite succession of protozoan populations with successive dominants 
occurs, as shown in Figure 8-10. A similar succession of protozoa occurs when un- 
vegetated soil is first exposed to colonization (Bamforth 1997). In the hay infusion 
experiment, energy and nutrients are maximal at the beginning and then decline. Un- 

. less new medium is added, or an autotrophic regime takes over, the system eventu- 
ally runs down, and all the organisms die or go into resting stages (spores or cysts)— 
quite different from autotrophic succession, in which energy flow is maintained 
indefinitely. The hay-infusion microcosm is a model-for the kind of succession that 
occurs in decaying logs, animal carcasses, fecal pellets, and the secondary stages of 
sewage treatment. It might also be considered a model for the “downhill” succession 
that must be associated with a society dependent on fossil fuels thats slow to de- 
velop alternative energy sources. In all these examples, there is a series of transient 
stages in a declining energy gradient, with no possibility of achieving a mature cli- 
max state. 

Heterotrophic and autotrophic successions can be combined. in a laboratory 
microecosystem model if samples from a derived system are added to media enriched 
with organic matter. The system first becomes “cloudy” as heterotrophic baeteria 
bloom; then it turns bright green as nutrients and -growth substances (especially the 
vitamin thiamine) required by algae are released by the activities of the bacteria: This 
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Figure 8-10. Succession in a hay- 


ee l >5000 |} 4 
infusion culture, with dominance by L4 
successive species. This is an exam- PA eee Moneds 
ple of heterotrophic succession (after 2500 ! | 
Woodruff 191 2). i 
2 Oy Colpod 
O ` p a ` 
£ 2000 +! \ wee Hypotrichs 
I 
N 
x ! Heterotrophic 
9 l m bacteria 
~ 15004 È 
Q ~ 
o 3 
2) 
hS 
5 1000 i ‘S 
io) mr 
oO Paramecium “< 





~ 


500 [74 
0 C sN 
10 20 30 40 


50 60 70 80 90 
Age of culture in days 





succession, of course, is a model of the cultural eutrophication resulting from organic 
pollution, such as inflow of incompletely treated municipal sewage 


Selection Pressure: Quantity Compared with Quality 


Stages of the colonization of islands, as first described by MacArthur and Wilson 
(1967), provide parallels with stages in ecological succession on continents. In the 
early, uncrowded stages of island colonization; as in the early stages of succession, 
r-selection predominates, so that species with high rates of reproduction and growth 
are more likely to colonize. In contrast, selection pressure favors K-strategist species, 
with lower growth potential but better capabilities for competitive survival, under the 
high density of later stages of both island colonization and succession (Table 8-1). 

Genetic changes involving the whole biota may be presumed to accompany the 
successional change from quantity production to quality production, as indicated 
by the tendency for the size of the individual organism to increase (Table 8-1). For 
plants, the change in size appears to be an adaptation to the shift of nutrients from 
inorganic to organic. In a mineral- and nutrient-rich environment, small size is of se- 
lective advantage, especially to autotrophs, because of the higher surface-to-volume 
ratio. As the ecosystem develops, however, inorganic nutrients tend to become more 
and more tied up in the biomass (that is, to become intrabiotic), so that the selective 
advantage shifts to larger organisms (larger individuals of the same species, larger 


species, or both), which have greater storage capacities and more complex life histo- 


ries and are thus adapted to exploiting seasonal or periodic releases of nutrients or 
other resources. l 


Diversity Trends 


Although both components of diversity (richness and apportionment) in Table 8-1 
almost always increase in the early stages of ecosystem development, the peak of di- 
versity seems to come somewhere in the middle of the sere in some cases and near 
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the end in other situations. Not all trophic or taxonomic groups exhibit the same 
trend of diversity change with successional time. Nicholson and Monk (1974) deter- 
mined richness and evenness of plant species for four life-forms—herbs, vines, 
shrubs, and trees—in major seral stages in the Georgia Piedmont old-feld succes- 
sion already illustrated (Fig. 8-7). Richness increased rapidly in each stratum after its 


- establishment, then decreased throughout the remainder of succession. Evenness, on 


the other hand, increased to near maximum levels immediately and changed very 
little thereafter. Dominance-diversity curves for another old-field succession (south- 
ern Illinois) are shown in Figure 8-11. The diversity of plant species generally in- 
creased with succession, reaching a maximum during the early forest stages. The dis- 
tribution curves of species are geometric (approaching a straight line in the semilog 
plot) during the first few years of the secondary succession, and then gradually 
change to lognormal as more species are added. The process results in a high degree 
of evenness. 

‘Whether species diversity continues to increase during succession or peaks at 
some intermediate stage may well depend on whether the increase in potential niches 
resulting from increased biomass, stratification, and other consequences of biologi- 
cal organization exceeds the countereffects of increasing size of organisms and com- 
petitive exclusion by well-adapted, long-lived dominants, which would tend to re- 
duce the richness of species. No one has yet been able to catalogue all the species in 
any sizable area, much less follow the total species diversity in a successional series. 
Studies on diversity and succession have so far dealt with segments of the commu- 
nity (such as trees, birds, and insects). One would expect that the pattern of change 
in species composition will vary widely according to the group under consider- 
ation and the geographical situation, which determines what species are available for 
colonization. 

As discussed in the section on stability (see Chapter 2), the consensus among 
ecologists is that changes in species diversity are more an indirect consequence of in- 
creasing organic development and complexity than a direct causal factor in succes- 
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sion. The level of diversity achieved may well depend on energetics, as the mainte- 
nance of high diversity has an energy cost and can be destabilizing (the “too much of 
a good thing” syndrome again). 

Although little studied, aspects of biotic diversity other than species variety and 
relative abundance would logically be expected to show increasing trends during the 
course of autogenic ecosystem development. Jeffries (1979), for example, reported 
that as marine communities mature and become more complex, so do the fatty-acid 
compositions of the plankton and benthos. During plant succession on land, the va- 
riety of antiherbivore chemicals required by long-lived trees to survive increases with 
succession, thereby countering the tendency for insects to become resistant to pes- 
ticides, both natural and human-made. These are examples of an increase in bio- 
chemical diversity during ecosystem development. 


Historical Review of Theoretical Considerations 


At the beginning of this:section, it was stated that ecosystem development resulted 
from (1) modification of the physical environment by the community acting as a 
whole, and (2) the interaction of competition and coexistence between component 
populations. Although ene could logically assume that both ecosystem-level and 
population-level processes contribute to the many-faceted successional progressions 
described in this section, some ecologists have chosen to argue either for one level 
or for the other but not both. Connell and Slayter (1977) compared three theories: 
(1) the facilitation model, in which early seral species change the conditions of exis- 
tence and thereby prepare the way for later invaders; and (2) the inhibition model, in 
which the pioneer species resist invasion and remain until they are replaced because 
of competition, predation, or disturbance; and (3) the tolerance model, in which a spe- 
cies invades a new habitat and becomes established independently of the presence or 
absence of other species. Connell and Slayter strongly favored the inhibition model, at 
least for secondary succession. Proponents of population-level theories of causation 
essentially argue that if observed successional trends can be explained by interactions 
at the species level, there is no need to invoke higher-level processes. Conversely, other 
theorists argue that species succession is only a part of the process of self-organizing 
development, which is a property of whole ecosystems, and hence there is less need 
to look in detail into the interaction of component populations in order to explain ba- 
sic trends. We favor the self-organization theory, as explained in the next section. 

The idea that ecological succession is a holistic phenomenon goes back to Fred- 
erick E. Clements and his 1916 monograph “Plant Succession” (subsequently re- 
printed in 1928 under the title “Plant Succession and Indicators”). His notions that a 
community repeats in its development the sequence of stages of development of an 
individual organism and that all communities in a given climatic area develop toward 
a single climax (the monoclimax concept; see next section) are deemphasized or mod- 
ified today. Clements’ main thesis—that ecological succession is a developmental process 
and not just a succession of species each acting alone—remains one of the most impor- 
tant unifying theories in ecology. Margalef (1963a, 1968) and E. P. Odum (1969) re- 
worked and extended Clements’ basic theory to include functional attributes such as 
community metabolism. — 

The contrary concept—that ecological succession does not have an organiza- 
tional strategy but results from the interactions of individuals and species as they 
struggle to occupy space—goes back to H:A. Gleasonis studies, especially the classic 
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paper “The Individualistic Concept of the Plant Association” (Gleason 1926). Glea- 
son's writings, as reviewed by McIntosh (1975), have provided a point of departure 
for the development of population-level theories of succession that consider new in- 
sights into evolutionary biology and the importance of consumer as well as producer 
influences. Reviews by Drury and Nisbet (1973) and Horn (1974, 1975, 1981) ex- 
plored theories of succession that are based on properties of organisms rather than 
emergent properties of the ecosystem. The basic premise is that evolutionary strategy 
(Darwinian selection and competitive exclusion) and characteristics of the life cycle 
determine the position of species in successional gradients that are constantly chang- 
ing depending on disturbances and physical gradients. Because Clements’ holistic 
theory can also be viewed as an evolutionary theory of population and ecosystem, 
ecologists may. not be so far apart as a reading of their respective position papers 
might indicate. This position, in general, is the one taken by Whittaker and Wood- 
well (1972), Whittaker (1975), and Glasser (1982), who noted that although the 
early colonization phase is often stochastic (chance establishment of opportunistic 
organisms), later stages are much more organizational and directional. 

Sooner or later, theories get tested in the practical world of applied science—for 
example, in forest management. Foresters, by and large, find that forest succession is 
directional and predictable. To assess future timber potential, they often develop 
models that combine natural successional trends with disturbance and management 
scenarios that modify natural development. For example, on the Georgia Piedmont, 
the natural forest succession is from pines to hardwoods. Because pines are now more 
valuable commercially than hardwoods, efforts are made to arrest this succession, so 
that the pine stages can be retained and regenerated, especially in areas under com- 
mercial timber management. It is predicted that hardwood stages will continue to in- 
crease in area coverage, although at a slower rate than would be the case if only nat- 
ural succession were involved. Urbanization and suppression of fire, both of which 
favor hardwoods over pines, are important factors in future projections. Because the 
composition of the Piedmont forest is strongly influenced by human management, 
projected future composition will follow trends of natural succession. The interface 
between theory and forest management is discussed in detail by Shugart (1984) and 
Chapin et al. (2002). 


Self-Organization, Synergetics, and Ascendancy 


A major key to ecosystem development is the concept of self-organization, based 
on Prigogine’s theory of non-equilibrium thermodynamics (Prigogine 1962). Self- 
organization can be defined as the process whereby complex systems consisting of 
many parts tend to organize to achieve some sort of stable, pulsing state in the ab-- 
sence of external interference. The spontaneous formation-of well-organized struc- 
ture, pattern, and behavior from random or unorganized initial conditions—-in other 
words, going from chaos to order—is widespread in nature. Self-organized ecosys- 
tems can only be-maintained by a constant flow of energy through them; therefore, 
they are not in thermodynamic equilibrium. The process of many parts working to- 
gether to achieve order has been termed synergetics by Haken (1977). Ulanowicz 
(1980, 1997) used the term ascendancy for the tendency for self-organizing, dissi- 
pative systems to develop complexity of biomass and network flows-over time, as 
is seen in the process of ecological succession. Both Holland (1598% and S. Johnson 
(2001) spoke of the process as emergence. 
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We see that ecosystem development is more than just a succession of species, and 
more than just evolutionary interactions, such as competition and mutualism; there 
is an energetic basis. There is a large volume of literature on self-organization, includ- 
ing papers by Eigen (1971), H. T. Odum (1988), and Muller (1997, 1998, 2000); and 
books by Kauffman (1993), Bak (1996), and Camazine et al. (2001), in addition to 
those cited earlier. Fora less technical discussion of self-organization, see Li and Sprott 
(2000). Wesson.(1991), in his book Beyond Natural Selection, argued that what we call 
self-ordering must be added to natural selection to explain the evolution of complex 
systems. Smolin (1997) extended the self-organization theory to the origin and evo- 
lution of the universe that began with the Big Bang and a mass of random-moving 
molecules but evolved into the current, highly organized system including Earth. 


2 Concept of the Climax 


Statement 


The final P = R community in a developmental series (sere) is the climax commu- 
nity. In theory, the climax community is self-perpetuating, because it is more or less 
in equilibrium with itself and with the physical habitat. For a given region, it is con- 
venient, although quite arbitrary, to recognize (1) a regional or climatic climax, 
which is determined by the general climate of the region; and (2) a varying number 
of local or edaphic climaxes, which are determined by topography and local micro- 
climate (see Fig. 8-12), that. would not occur in the absence of disturbance. Suc- 
cession ends in an edaphic climax when topography, soil, water, and regular distur- 
bances such as fire are such that the development of the ecosystem does not proceed 
to the theoretical end point. 


Explanation and Examples 


In terms of species composition, the polyclimax concept (choice of climatic and 
edaphic climaxes) is illustrated by mature forest communities associated with vari- 
ous physical situations, such as in the hilly region located in Ontario, Canada, dia- 
grammed in Figure 8-12A. On level or moderately rolling areas where the soil is well 
drained but moist, a maple-beech community (Acer saccharum and Fagus grandifolia 
being the dominant species) is found to be the terminal stage in succession. Because 
this type of community is found again and again in the region wherever land configu- 
ration and drainage are moderate, the maple-beech community can be designated the 
climatic climax of the region. Where the soil remains wetter or drier than normal (de- 
spite the action of communities), different species are dominant in the climax com- 
munity. Still greater deviations from the climatic climax occur on steep south-facing 
slopes, where the microclimate is warmer, or on north-facing slopes and in deep 
ravines; where the microclimate is colder (Fig. 8-12B). These steep-slope climaxes of- 
ten resemble climatic climaxes found farther south and north, respectively. Accord- 
ingly, if you live in eastern North America and wish to see what a climax forest would 
be like farther north, view an undisturbed, north-facing slope or ravine. Similarly, a 
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south-facing slope will likely exhibit the type of climax forest to be found farthe 
south. 
Theoretically, a torest community on dry soil would, if given indefinite time 
gradually increase the organic content of the soil and raise its moisture-holding prop 
erties, and thus eventually give way to a more moist forest, such as the maple-beee! 
community (Fig. 8-12C). Likewise, a forest community under wet soil condition: 
given time, theoretically would gradually decrease moisture in the soil as the organi 
‘content in the soil is stored as tree biomass (and output as increased plant transpirá 
tion), also resulting in a moist maple-beech community. Whether these scenario 
would actually occur or not is unknown, as little evidence of such change has bee 
seen, and records of undisturbed areas have not been kept for the many human gen-; 
erations that probably would be required. The question is academic anyway, because, 
long before any autogenic change could occur, some climatic, geological, or anthro-; 
pogenic force would likely intervene. The alternative to recognizing a series of cli- 
maxes and seres associated with physiographic situations in the case of a landscape 
mosaic like that described in Figure 8-12A would be some form of gradient analysis. 
Ecological ‘succession is essentially a gradient in time that interacts with spatial, top- 
ographical, and climatic gradients. As emphasized at the beginning of this chapter, 
all climaxes would exhibit a pulsing balance between P and R. 
Autogenic ecological succession results from changes in the environment brought 
about by the organisms themselves. Therefore, the more extreme the physical sub- 
strate, the more difficult modification of the environment becomes, and the more 
` likely that community development will stop short of the theoretical regional climax. 
Regions vary considerably in the proportion of area that can support climatic climax 
communities. On the deep soils of the Central Plains of the United States, early set- 
tlers found a large fraction of the land covered with the same climax grassland. In 
contrast, on the sandy, geologically young, lower Coastal Plain of the southeastern 
United States, the theoretical climatic climax (a broad-leaved evergreen forest) was 
originally as rare as it is today. Most of the Coastal Plain is occupied by edaphic ch- 
max pine or wetland communities or their seral stages. Hurricanes frequently have a 
devastating impact on these coastal ecosystems, causing massive defoliation and 
blowdowns of timber and altering nutrient cycling. Hurricane Hugo, for example, 
which swept through the southern United States and Puerto Rico in 1989, destroyed 
much of the stands of old-growth longleaf pine (Pinus palustris) —prime habitat of 
the red-cockaded woodpecker (Picoides borealis). 
In contrast, the oceans, which occupy geologically ancient basins, can be consid- 
ered to be in a mature state insofar as community development is concerned. How- 
ever, seasonal succession and succession following disturbance do occur, especially 
in inshore waters, as already mentioned. . 
A dramatic example of a contrast between regional and -edaphic climaxes is 
shown in Figure 8-13. In a certain area on the coast of northern California, giant red- 


wood forests occur side by side with pygmy forests of tiny, stunted trees. As depicted 
in Figure 8-13, the same sandstone substrate underlies both forests, but the pygmy 
forest occurs where an impervious hardpan close to the surface greatly restricts root 
development and movement of water and nutrients. The vegetation that reaches cli- 
max condition in this special situation is almost totally different in species composi- 
tion and structure from that of adjacent areas that lack the hardpan. 

Human beings, of course, greatly affect the progress of succession and the achieve- 
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Figure 8-13. Edaphic climaxes on Redwood forest 
the West Coast of northern California. ; 
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ment of climaxes. When a biotic community that is not the climatic or edaphic climax 
for a given site is maintained by people or their domestic animals, it may conve- 
niently be designated a disclimax (disturbance climax) or anthropogenic (human- 
generated) subclimax. For example, overgrazing by livestock may produce a desert 
community of creosote bush, mesquite, and cactus where the local climate actually 
would allow a grassland to maintain itself. The desert community would be the dis- 
climax, and the grassland would be the climatic climax. In this case, the desert com- 
munity is evidence of poor management by humans, whereas the same desert com- 
munity in a region with a true desert climate would be a natural climax condition. An 
interesting combination of edaphic and disturbance climaxes occupies extensive ar- 
eas of the California grassland region where introduced annual species have almost 
entirely replaced native prairie grasses. 

Agricultural ecosystems (agroecosystems) that have been stable for a long time can 
be regarded as climaxes (or disclimaxes), because on an annual average, imports plus 
production balance respiration plus exports (harvest), and the agrolandscape re- 
mains the same from year to year. Agriculture in the Low Countries (Holland and Bel- 
gium) and age-old rice cultures in the Orient are examples of long-term anthro- 
pogenic stable climax states. Unfortunately, industrialized crop systems, especially as 
currently managed in the Tropics and on irrigated deserts, are by no means sustain- 
able, because they are subject to erosion, leaching, accumulation of salt, and irrup- 
tions of pests. Maintaining high productivity in such systems requires increasing en- 
ergy and chemical subsidies, and too much subsidy becomes a stress. For detailed 
information regarding long-term experiments in agriculture and forestry, see the 
book edited by R. A. Leigh and A. E. Johnston (1994) entitled Long-Term Experiments 
in Agricultural and Ecological Sciences. Figure 8-14 is a photograph of the. long-term 
(since 1856) fertilization project located at Rothamsted Park. Unfertilized plots are 
characterized by high biotic diversity, compared to the “monoculture” plots domi- 
nated by Holcus lanatus. ` 

To summarize, species composition has often been used as a criterion io deter- 
mine whether a given community is a climax. However, this criterion alone is of- 
ten not sufficient, because species composition not only varies widely, but-also can- 
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Figure 8-14. Rothamsted Park experiment on the fertil- 
ization of a grassland started in 1856. Unfertilized plots have 
high biotic diversity; monoculture plots are dominated by 
Holcus lanatus where nitrogen, phosphorus, and potassium 
have been applied, causing a soil pH of 3.5. 
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change appreciably in response to seasons and short-term fluctuations of weather, 
even though the ecosystem as a whole remains stable. As already indicated, the P/R 
ratio or other functional criteria provide accurate indices of climax communities. 


3 Evolution of the Biosphere 


Statement 


As with short-term ecosystem development, described in Section 1 of this chapter, 
the long-term evolution of the ecosphere is shaped by (1) allogenic (external) forces, 
such as geological and climatic changes; and (2) autogenic (internal) forces, such as 
natural selection and other processes of self-organization resulting from activities of 
the organisms in the ecosystem. The first ecosystems, 4.0 billion years ago, were 
populated by tiny anaerobic heterotrophs that lived on organic matter synthesized by 
abiotic processes. Then came the origin and population explosion of green bacterial 
autotrophs, which are believed to have played a dominant role in initiating the con- 
version of a reducing, CO)-dominated atmosphere into an oxygenic one. Since then, 
organisms have evolved through long geological ages into increasingly complex and 
diverse systems that (1) have achieved control of the atmosphere; and (2) are popu- 
lated by larger and more highly organized multicellular species. Evolutionary change 
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is believed to occur principally through natural selection at or below the species level. 
but natural selection above this level is also important, especially (1) coevolution, 
which is the reciprocal selection between interdependent autotrophs and hetero- 
trophs without direct genetic exchanges, and (2) group or community selection, 


_ which leads to the maintenance of traits favorable to the group even when they are 


disadvantageous to the genetic carriers within the group. 


Explanation 


- We have already briefly outlined the history of life on Earth in connection with the 


discussion of the Gaia hypothesis in Chapter 2. The broad pattern of the evolution of 
organisms and the oxygenic atmosphere—two factors that make the biosphere of 
Earth unique among the planets of our solar system—are depicted in Figure 8-15 

The biogeological clock (Fig. 8-16) shows the entire history of life on Earth, be- 
ginning with the origin of Earth about 5 billion years ago and the appearance of the 
first microbial life about 4 billion years ago. During the long era from 3.5 to 2 bil- 
lion years ago, the photosynthetic bacteria, especially the cyanobacteria, put oxygen 
into the atmosphere, paving the way for the origin and evolution of the aerobic. 
macroscopic eucaryotes. Within what is known as the Phanerozoic eon—the past 
570 million years—present-day plants and animals, and finally humans, evolved 
The Phanerozoic eon is further divided into the Paleozoic (earliest insects and rep- 
tiles), Mesozoic (first birds and mammals), and Cenozoic (first hominids and hu- 
mans) eras (see Fig. 8-16). 

Scientists generally believe that when life began on Earth, the atmosphere con- 
tained nitrogen, ammonia, hydrogen, carbon dioxide, methane, and water vapor, but 
no free oxygen. The atmosphere also contained chlorine, hydrogen sulfide, and other 
gases that would be poisonous to much of present-day life. The composition of the 
atmosphere at that time was largely determined by the gases from volcanoes, which 
were much more active then than they are now. Because of the lack of oxygen, no 


Figure 8-15. The evolution of the % 


biosphere and its effect on the atmo- 


sphere (E. P. Odum 1997). 


l 
| 
Origin and evolution 













|] 
i i 
; r l ! ; 1 
Dominant Single-celledı of higher plantsand | Human 
AEMT a Boe 
i Fossil fuel formation explosion 
Origin, evolution, and Rapid evelution ana 
population growth of population growth 
photosynthetic bacteria of higher land plants 
l and animals i 
l 
EA Reducing | Periodic mass extinctions | 
atmosphere | ss 1 
concentration 20 l eee ey 
in atmosphere ! / Qxygenic ; | 
x eh e 
L atmosphere l l 
0 4——— A] --------------- (eee kora 
I } | 
Pre- | i ; 
Cambrian | Paleozoic | Mesozoie q Cenozoio- 
i i 1 


Geological age 

; | | i | l f 

3000+ 600 500 400 300 dO 1% 9% 
Millions of years ago 





ce ap pati A IR cae a tlt 6 


362 CHAPTER 8 Ecosystem Development 


Figure 8-16. Earth's biogeological clock. The great an- 
tiquity of our ecosphere contrasts sharply with the relative 
youth of plants and animals. For almost 2 billion years, micro- 
organisms constituted the only life on Earth, and they con- 
tinue to dominate basic ecosystem functions, such as mate- 


rial cycling, to this day. (From Des Marais, D. J. 2000. When 


did photosynthesis emerge on Earth? Science [8 Septem- 
ber] 289 [5485]: 1703-1705.) 
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ozone layer (O, acted on by short-wave radiation produces O; or ozone, which ab- 
sorbs ultraviolet radiation) shielded Earth from the deadly ultraviolet radiation of the 
Sun. Such radiation would kill any exposed life, but, strange to say, this radiation is 
thought to have triggered a chemical evolution leading to complex organic molecules 
such as amino acids, which then became the building blocks for primitive life. The 
very small amount of nonbiological oxygen produced by ultraviolet dissociation of 
water vapor may have provided enough ozone to form a slight shield against ultra- 
violet radiation. However, as long as the atmospheric oxygen and ozone remained 
scarce, life could develop only under the protective cover of water. The first living or- 
ganisms, then, were aquatic, yeast-like anaerobes that obtained the energy necessary 
for respiration by the process of fermentation. Because fermentation is so much less 
efficient than oxidative respiration, this primitive life could not evolve beyond the 
procaryote (nonnucleated) single-cell stage. Such primordial life also had a very lim- 
ited food supply, as it would depend on the slow sinking of organic materials syn- 
thesized by ultraviolet radiation in the upper water layers, where the hungry mi- 
crobes could not venture! Thus, for millions of years, life must have existed in a very 
limited and precarious condition. This model of primitive ecology calls for water 
depths sufficient to absorb the deadly ultraviolet, but not so deep as to cut off too 
much of the visible light. Life could have originated on the bottom of pools or shal- 
low, protected seas fed, perhaps, by hot springs rich in nutrient chemicals. With the 
discovery of geothermal vent communities (see Chapter 2), some scientists have hy- 
pothesized that the first life may have originated there. 

The origin of photosynthesis is shrouded in mystery (see the article by Des Marais 
2000 entitled “When Did Photosynthesis Emerge on Earth?” for details). Perhaps se- 
lection pressures exerted by the scarcity of organic food: played a part. The gradual 
buildup of photosynthetically produced oxygen and its diffusion into the atmosphere 

















SECTION 3 Evolution of the Biosphere 363 


about 2 billion years ago (Fig. 8-15) brought about tremendous changes in the geo- 
chemistry of Earth and made possible the rapid expansion of life and the develop- 
ment of the eucaryote (nucleated) cell, which led to evolution of larger and more 
complex living organisms. Many minerals, such as iron, were precipitated from wa- 
ter and formed characteristic geological formations. 

As the oxygen in the atmosphere increased, the layer of ozone formed in the up- 
per atmosphere thickened sufficiently to screen out the DNA-disrupting ultraviolet 
radiation. Life could then move more freely to the surface of the sea. Then followed 
what Cloud (1978) called the “greening of the lands.” Aerobic respiration made pos- 
sible the development of complex multicellular organisms. It is thought that the first 
nucleated cells appeared when oxygen reached about 3 to 4 percent of its present 
level (or about 0.6 percent of the atmosphere, compared with the present 20 per- 
cent)—a time now dated to at least 1 billion years ago. Margulis (1981; 1982) has 
made a strong case for the theory that the eucaryote cell originated as a mutualistic 
coming together of once independent microbes, analogous to the modern evolution 
of lichens. 

The first multicellular animals (Metazoa) appeared when the atmospheric oxygen 
content reached about 8 percent, some 700 million years ago (Figs. 8-15 and 8-16) 
‘The term Precambrian is used to- cover that vast period of time when only the small, 
procaryote single-celled life existed. During the Cambrian period (about 500 million 
years ago), there was an evolutionary explosion of new life, such as sponges, corals, 
worms, shellfish, seaweed, and the ancestors of seed plants and vertebrates. Thus, the 
fact that the tiny green plants of the sea were able to produce an excess of oxygen over 
the respiration (P/R > 1) needs of all organisms allowed the whole of Earth to be pop- 
ulated in a comparatively short time, geologically speaking. In the following periods 
of the Paleozoic era, the expansion of the biosphere to the whole planet was com- 
pleted. The developing green mantle of terrestrial vegetation provided more oxygen 
and food for the subsequent evolution of large creatures, such as dinosaurs, birds, 
mammals, and eventually humans. At the same time, calcareous and then siliceous 

forms were added to the organic-walled phytoplankton of the oceans. 

When oxygen use finally caught up with oxygen production sometime in the 
mid-Paleozoic era (about 400 million years ago), the concentration of oxygen in the 
atmosphere reached its present level of about 20 percent. From the ecological view- 
point, then, the evolution of the biosphere seems to be very much like a hetero- 
trophic succession followed by an autotrophic climax regime, such as one might set 
up in a laboratory microcosm starting with culture medium enriched with organic 
matter. During the late Paleozoic era, there appears to have been a decline of ©, and 
an increase of CO), accompanied by climatic changes. The increase -of CO, may. have 
_ triggered the vast autotrophic bloom that created the fossil fuels on which human in- 
. dustrial civilization now depends. After a gradual return to a high-O,-low CO, at- 

mosphere, the O,/CO, balance remained in what might be called an oscillating steady 
state. Anthropogenic CO), aerosols, and dust pollution may be making this precari- 
ous balance still more unsteady (as discussed in Chapters 2 and 4). 

The story of the atmosphere, as briefly described here, should be shared with 
schoolchildren and citizens, because it dramatizes the absolute dependence of hu- 
man beings on other organisms in the environment. According to the Gaia hypothe- 
sis (Chapter 2), homeorhetic control, especially by microorganisms, developed very 

` early in the history of the ecosphere. A contrary hypothesis is that early life induced 
physicochemical changes and geological processes involved in-the cooling down of 
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Earth. In other words, was the early evolution of life more autogenic than allogenic, | 
or vice versa? Also much debated is whether evolution of life occurs gradually or is 
strongly pulsed (short periods of rapid change alternating with long periods with 
little or no change), as is suggested by the fossil record. This question will be con- 
sidered in the next section. 

The constant shifting of the continents through time—a process known as con- 
tinental drift or plate tectonics—also has an important bearing on the evolution 
of life. For a further discussion of this process, see J. T. Wilson (1972) and Van An- 
del (1994). For an account of the evolution of life, see Early Life by Margulis (1982) 
and Margulis (2001). 


4 Microevolution Compared with Macroevolution, 
Artificial Selection, and Genetic Engineering 


Statement 


The species is a natural biological unit tied together by the sharing of a common gene 
pool. Evolution involves changing gene frequencies resulting from (1) selection pres- 
sure from the environment and interacting species; (2) recurrent mutations; and (3) ge- 
netic drift (stochastic or chance changes in gene structure). Speciation—the forma- 
tion of new species and the development of species diversity-—occurs when gene 
flow within the common pool is interrupted by an isolating mechanism. When iso- 
lation occurs through geographical separation of populations descended from a com- 
mon ancestor, allopatric (different geographical area) speciation may result. When 
isolation occurs through ecological or genetic means within the same geographical 
area, sympatric (joint geographical area) speciation is a possibility. At present, it is 
uncertain to what extent speciation is a slow, gradual process (microevolution) or a 
matter of periodic, rapid changes (macroevolution). It now appears that sympatric 
speciation and macroevolution are more common than previously thought. 


Explanation 


Ever since Darwin, biologists have generally adhered to the theory that evolutionary 
change is a slow, gradual process, involving many small mutations and continuous 
natural selection of those mutations that provide competitive advantages at the indi- 
vidual level. However, gaps in the fossil record and frequent failure to find transi- 
tional forms (“missing links”) has led many paleontologists to accept what Gould and 
Eldredge (1977) have termed the theory of punctuated equilibria. According to this the- 
ory, species remain unchanged in a sort of evolutionary equilibrium for long periods. 
Then, once in a while, the equilibrium is “punctuated” when a small population splits 
off from the parent species and rapidly evolves into a new species without leaving 
transitional forms in the fossil record. The new species may be sufficiently different 
to coexist with rather than replace the parent species, or both may become extinct. 
The punctuated evolutionary theory does not emphasize competition at the individ- 
ual level as the driving force, but as yet there is no agreed-upon explanation of what 
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might cause a population to suddenly break away to form a new, genetically isolated 
reproductive unit. For more on macroevolution-microevolution comparisons, see 
Gould and Eldredge (1977), Rensberger (1982), and Gould (2000, 2002). 

Species that occur in different geographical regions or are separated by a spatial 
barrier are said to be allopatric; those occurring in the same area are said to be sym- 
patric. Allopatric speciation has been generally assumed to be the primary mecha- 
nism by which species arise. According to this conventional view, two segments of a 
freely interbreeding population become separated spatially, as on an island, or sepa- 
rated by a mountain range. In time, sufficient genetic differences accumulate in iso- 

- lation so that the segments will no longer be able to interchange genes (interbreed) 
when they come together again, and thereby coexist as distinct species in different 
niches. Sometimes, these differences are further accentuated by character displace- 
ment. When two closely related species have overlapping ranges, because of the se- 
lection effects of competition, they tend to diverge in one or more morphological, 
physiological, or behavioral characteristics in the area of overlap and to converge (to 
remain or become similar to each other) in parts of their range where each species 
occurs alone. 

Evidence is mounting that strict geographical separation is not necessary for 
speciation and that sympatric speciation may be more widespread and important 
than previously believed. Populations can become genetically isolated within the 
same geographical area as a result of behavioral and reproductive patterns such as 
colonization, restricted dispersal of propagules, asexual reproduction, selection, and 
predation. In time, sufficient geneti¢ differences accumulate in the local population 
segments to prevent interbreeding. 


Examples 


A classic example of allopatric speciation (resulting from geographical isolation) with 
subsequent character displacement is the well-documented case of Galapagos finches. 
which was first described by Darwin, who visited the Galapagos Islands during his 
famous voyage sailing on the Beagle. From a common ancestor, a whole group of spe- 
cies evolved in isolation on the different islands and adaptively radiated so that a va- 
riety of potential niches was eventually exploited on reinvasion. These finch species 
now include slender-billed insect eaters, thick-billed seed-eaters, ground and tree 
feeders, large- and small-bodied finches, and even a woodpecker-like finch, which, 
although hardly able to compete with a real woodpecker, survives in the absence of 
invasion by woodpecker stock. Figure 8-17 shows how beak size varies in one of the 
Galapagos finches according to whether the species is alone on an island or coexists 
with two other, closely related species on another, larger island. In the:latter situation 
(Fig. 8-17B), the beak is “displaced” to an increased depth, so that i: does not over- 
lap with the beak size of its competitor. As a result, competition fer food is reduced, 
‘because each species is adapted to feed on different-sized seeds. In addition to the 
classic book entitled Darwin's Finches by David Lack (1947a), this evolutionary pro- 
cess has been reviewed by Grant (1986) and Grant and Grant (1992) 

British salt marshes provide an example of sympatric speciation resulting from 
hybridization and polyploidy. When the American salt marsh grass (Spartina alterni- 
flora) was introduced to the British Isles, it crossed with the native speeies (S. mari- 
tima), to produce a new, polyplaid species (S. townsendii}, which has now invaded 
formerly bare tidal mud flats not occupied by native species. 
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Figure 8-17. Beak size of Geospiza 
fortis, one of Darwin's finches, (A) when 
alone on Galápagos Island and (B) when 
competing with Geospiza fuliginosa on 
other islands. Beak size is increased 








when competitors are present-an ex- B 
ample of character displacement (modi- G fuliginosa 
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For decades, what came to be known as “industrial melanism” was thought to be 
an example of rapid natural selection resulting from industrial pollution. The hy- 
pothesis was that dark-pigmented peppered moths (Biston betularia) evolved in in- 
dustrial areas of England where the bark of trees had become greatly darkened by in- 
dustrial pollution, which kills the lichens that give normal bark a light appearance. 
Kettlewell (1956) provided evidence that dark moths survived better in dark (pol- 
luted) woods, and pale moths survived better in natural rural woods, presumably be- 
cause of predation by birds for the individuals not protectively colored. Scientists 
now admit that the real explanation regarding the selective pressures on B. betularia 
is much more complicated than many were first led to believe. We recommend read- 
ing Judith Hooper's book Of Moths and Men (Hooper 2002) for an excellent overview 
of the peppered moth controversy. This controversy leads us naturally into the sub- 
ject of direct or purposeful selection by humans. 


Artificial Selection and Domestication 


Selection carried out to adapt plants and animals to human needs is known as artifi- 
cial selection. Domestication or cultivation of plants and animals involves more than 
modifying the genetics of a species, because reciprocal adaptations between the do- 
mesticated species and the domesticator are required. The term cultivation is pre- 
ferred by many for the artificial selection of plants. Here we use the term domesti- 
cation in a general sense for both plants and animals. Accordingly, domestication 
leads to a special form of mutualism. Humans often fall into the trap of thinking that 
domesticating another organism through artificial selection means merely “bending” 
nature to suit human purposes. Actually, domestication produces changes (ecologi- 
cal and social, if not genetic) in people as well as in the domesticated organisms. 
Thus, for example, people are just as dependent on the corn plant as the corn is de- 
pendent on them. A society that depends on corn for food develops a very different 
culture than one that depends on herding cattle. It is a real question as to who be- 
comes more dependent on whom! 
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Artificial selection in crops—a major basis for the Green Revolution—is an ex- 
ample of interdependence between the domesticated species and the human domes- 
ticator. Increased yield is obtained by selecting for an increased harvest ratio, which 
is the ratio of grain (or other edible parts) to supporting tissues (leaves, roots, and 
stems). As was noted in Chapter 3, increased yield must sacrifice some of the plant’s 
adaptive, self-sustaining capacity. Therefore, highly bred strains require massive sub- 
sidies of energy, fertilizers, and pesticides, which bring about profound changes in 
the social, economic, and political structure of human society (see E. P. Odum and 
Barrett 2004 for details). Many economically poor countries are finding these socio- 
economic and resource requirements to be the greatest obstacle to using high-yielding 
varieties to increase’ their food supply. Meanwhile, wealthy countries are finding that 
the runoff of fertilizers and pesticides produces very serious pollution of waterways 
(see Vitousek, Aber, et al. 1997 for details). 

Throughout history, serious environmental problems have been caused by do- 
mesticated plants and animals that escape back into nature (become feral) and be- 
come major pests. A feral organism differs from its wild ancestor in that it has experi- 
enced a period of artificial selection during which some new traits may have been 
acquired and some of the original “wild” traits have been lost. On returning to the 
wild, the feral species again comes under natural selection that favors traits necessary 
for survival on its own. For example, a spotted, pale-color coat with a large body size 
is selected against when domestic pigs revert to the wild, so the feral pig becomes 
slender with a deep-color coat. The combination of artificial and natural selection 
seems to produce plants and animals that thrive in habitats that have been partially 
altered or disturbed (that is, in areas of extensive habitat fragmentation). 


Genetic Engineering in Agroecosystems 


Genetic engineering involves the manipulation of DNA and the transfer of genetic 
material between species. Although there are many potential applications of this new 
technology, the first large-scale, controversial application is in agriculture, involving 
generations of genetically modified or transgenic crops that are herbicide, disease, or 
insect resistant. In theory, the introduction of such crops should reduce crop losses 
to disease, weeds, and pests, and reduce the use of pesticides. However, as is often 
the case with targeted technology, this theory does not take into consideration the 
whole picture, including ecological, economic, social, and political implications. Mas- 
sive planting of transgenic monocultures leads to genetic uniformity, which increases 
the individual farmer's dependence on multinational corporations that control the in- 
novations. Ecological theory and research in progress show that transgenic mono- 
cultures can have serious environmental impacts, ranging from (1) increased gene 
flow between crops and weed relatives, creating “superweeds”, (2) rapid develop- 
ment of insect resistance; to (3) impacts on soil organisms and other nontarget organ- 
isms. For a review of potential impacts, see Altieri (2000). ; 

A report issued by the National Academy of Sciences entitled “Transgenic Plants 
and World Agriculture” (2000), compiled in collaboration with the science acade- 
mies of seven other countries, stresses the need for transgenic plants to improve crops 
in order to feed a hungry world. Perhaps the most ambitious genetic engineering con- 
templated in-agriculture involves trying-to increase the effreiency of the photosyn- 
thetic enzyme RuBis CO, that interacts with CO; to initiate the chain of biochemical 
reactions that converts sunlight to food. One possibitity is to transfer the more effi- 
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cient RuBis CO, found in red algae (which are adapted to grow at very low light i 
tensities in the sea) into crop plants such as rice. Another possibility is to transfer 
photosynthesis into C, crops. As was noted in Chapter 3, C, plants produce better i 
the full sunlight typical of warm, dry climates. See Mann's (1999) review for poss 
bilities and difficulties related to genetic engineering. 


5 Relevance of Ecosystem Development to Human Ecology 


Statement 


‘ 


The principles of ecosystem development bear profoundly on the relationships be- 

tween human beings and nature, because developmental trends in both natural sys- 
tems and human societies involve going from a youth (pioneer) stage to a mature 
stage in the long term. In the short term, humans strive to prolong the growth stage. 
The aim of developing increasing structure and complexity per unit of energy flow (a 
maximum protection strategy) contrasts with the human goal of maximum produc- 
tion (trying to obtain the highest possible yield). Recognizing the ecological basis for 
this conflict between humans and nature is a first step in establishing rational poli- 
cies for managing the environment as societies mature. 


Explanation 


Figures 8-2B and 8-3 depicted a basic conflict between the strategies of humans and 
of nature. The energy partitioning exhibited in early development, as in the 30-day 
microcosm or the 30-year forest, illustrates how political and economic leaders think 
nature should be directed. For example, the goal of industrial agriculture or intensive 
forestry, as now generally practiced, is to achieve high rates of production for prod- _ 
ucts that may be readily harvested, with little standing crop left to accumulate on the 

landscape—in other words, a high P/B ratio. Nature's strategy, on the other hand, as 
seen in the outcome of the successional process, is directed toward the reverse effi- 
ciency—a high B/P ratio. Human beings have generally been preoccupied with ob- 
taining as much production from the landscape as possible by developing and main- 
taining early successional types of ecosystems, often monocultures. But, of course, 
humans do not live by food and fiber alone; humans also need a balanced low CO,- 
high O, atmosphere, the climatic buffer provided by oceans and masses of vegetation, 
and clean (that is, oligotrophic) water for cultural and industrial uses. Many essential 
life-cycle resources, not to mention recreational needs, are best provided by the less 
productive ecosystems and landscapes. In other words, the landscape is not just a 
supply depot, but it is also the oikos—the home—in which humans must live. Un- 
til recently, most humans have taken for granted the gas exchange, water purification, 
nutrient cycling, and other protective functions (natural capital) of self-maintaining 
ecosystems—that is, until human numbers and human environmental manipula- 
tions became great enough to affect regional and global balances. A most beneficial 
and certainly an enhanced landscape for living is one containing a diversity of crops, 
forests, lakes, streams, roadsides, marshes, seashores, and “natural areas’—in other 








S RE A US BERET EEO TC I EE TE TT EEEE a TT a ETE EE EE TE TT TT 


SECTION 5 Relevance of Ecosystem Development to Human Ecology 369 







Protective 










life-support Fabricated 
environment environment 
(mature systems) 
















Productive 
life-support 



















assimilative 


environment Be Ea environment 
(dissipative systems) 


(growth systems) | 


Urban-industrial 
environment 
(technoecosystems) 


Domesticated 
environment 


Natural 
environment 











Figure 8-18. Compartment models for landscape-use’ planning. (A) Partitioned according 
. to ecosystem theory. (B) As viewed by architects and landscape designers. 


words, a mixture of communities at different stages of ecosystem development. As individ- 
uals, humans more or less instinctively select or surround their homes with protec- 
tive, nonedible cover (trees, shrubs, and grass) and simultaneously strive to coax ex- 
tra bushels from their fields. For example, a cornfield is a “good thing,” of course, but 
most people would not want to live in the middle of one. It would be suicidal to cover 
the whole land area of the biosphere with crops, because there would not be the 
nonedible life-support buffer that is vital for biospheric and aesthetic stability—not 
to mention that this would invite disaster from epidemic disease. 

_ Because it is impossible to maximize for conflicting uses in the same system, two 
possible solutions to the dilemma suggest themselves. Either humans can continually 
compromise between quantity of yield and quality of living space, or humans can de- 
liberately compartmentalize the landscape tó maintain both highly productive and 
predominantly protective ecosystem types as separate units, subject to different man- 
agement strategies (ranging from intensive cropping to wilderness management). 
Figure 8-18 depicts this compartmentalized model. If ecosystem development theory 
is valid and applicable to planning, then the multiple-use strategy, about which we 
hear so much, will work only through one or both of these approaches, because. in 
most cases the projected multiple uses conflict with one another. For example, dams 
on large rivers are often touted as providing a whole range of benefits, such as in- 
dustrial power generation, flood control, water supply, fish production, and recrea- 
tion. But these uses actually conflict, because for flood control to be achieved, the wa- 
ter must be drawn down before the flood season—an action that reduces power 
generation and interferes with recreation. Accordingly, one can maximize for a single 
use, or perhaps for several closely coupled uses, while reducing other uses. or one 
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can settle for some of all (that is, compromise). It is appropriate, then, to examing 
some examples of the compromise and the compartmental strategies. 


Pulse Stability , 


A more or less regular but acute physical perturbation imposed from without c 
maintain an ecosystem at some intermediate point in the development sequence, 
sulting in, so to speak, a compromise between youth and maturity. One example 
what might be termed “fluctuating water-level ecosystems.” Estuaries, and inte 
zones in general, are maintained in an early, relatively fertile stage of development 
the tides, which provide energy for the rapid cycling of nutrients. Likewise, fresh- 
water marshes, such as the Florida Everglades, are held at an early successional stage 
by the seasonal fluctuations in water levels. The dry-season drawdown speeds up 
aerobic decomposition of accumulated organic matter, releasing nutrients that, on re 
flooding, support a wet-season bloom in productivity. The life histories of many or 
ganisms are intimately coupled to this periodicity (for example, the timing of breed- 
ing in the wood stork, Mycteria americana). Stabilizing water levels in the Everglades 
by means of dikes, locks, and impoundments destroys rather than preserves the Ever- 
glades as we know them just as surely as complete drainage would. Without periodic 
drawdowns and fires, the shallow basins would fill up with organic matter, and suc- 
cession would proceed from the present pond-and-prairie condition toward a scrub 
or swamp forest. At the present time, taxpayer monies are being spent restoring the 
Everglades by restoring the original pattern of pulsing water flow: 

It is unfortunate that humans do not readily recognize the importance of recur- 
rent changes in water level in a natural situation such as the Everglades, even though 
similar pulses are the basis for some of our most enduring systems of food culture. 
Alternate filling and draining of ponds has been a standard procedure in fish culture 
for centuries in Europe and the Orient. The flooding, draining, and soil aeration pro- 
cedure in rice culture is another example. The rice paddy is thus the cultivated ana- 
logue ‘of the natural marsh or intertidal ecosystem. 

Fire is another physical factor whose periodicity has been of vital importance 
over the centtries. As described in Chapter 5, whole biota, such as those of the Afri- 
can grasslands and the California Chaparral, have become adapted to periodic fires, 
producing what ecologists often term “fire climaxes.” For centuries, people have used 
fire deliberately to maintain such climaxes or to set back succession to some desired 
point. The fire-controlled forest yields less wood than a tree farm (young trees, about 
the same age, planted in rows and harvested on a short rotation) does, but it provides 
a greater protective cover for the landscape, wood of higher quality, and a home for 
game birds (such as quail and wild turkey) that could not survive in a tree farm. The 
fire climax, then, is an example of a compromise between production and simplicity 
on the one hand and protection and diversity on the other. 

Pulse stability works only if a complete community (including not only plants but - 
also animals and microorganisms) is adapted to the particular intensity and fre- 
quency of the perturbation. Adaptation (the operation of the selection process) re- 
quires times measurable on the evolutionary scale. Most physical stresses introduced 
by human beings are too sudden, too violent, or too arrhythmic for adaptation to oc- 
cur, so severe oscillation rather than stability results. In many cases, at least, the mod- 
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ification of naturally adapted ecosystems for cultural purposes would seem preferable 
to complete redesign. 


When Succession Fails 


The title of this section is also the title of an essay by Woodwell (1992), who wrote 
succinctly and with great urgency about the environmental follies of humankind and 
the need to take action now to deal with global threats such as atmospheric toxifica- 
tion and global warming. Ordinarily; when a landscape is devastated by storms, fires, : 
or other periodic catastrophes, ecological succession is the healing process that re- : 
stores the ecosystem. However, when landscapes are severely abused over long peri- 
ods of time (eroded, salinated, stripped of all vegetation, contaminated with toxic 
wastes, and so on), the land or water becomes so impoverished that succession can- 
not occur even after the abuse stops. Such sites represent a new class of environment 
that will remain barren indefinitely unless explicit efforts are made to restore it. 
When ecosystem development fails, we have to resort to ecosystem redevelop- 
‘ ment. Perhaps this is why there are so many books, journals, and papers dealing with 
what is termed restoration ecology. Restoration ecology is the application of ecologi- 
cal theory to the ecological restoration of highly disturbed sites, ecosystems, and land- 
scapes. M. A. Davis and Slobodkin (2004) defined restoration ecology as the process 
of restoring one or more valued attributes of a landscape. Winterhalder et al. (2004) 
" noted that the goals of restoration ecology require a scientific basis that is ecologically 
plausible and socially relevant in the long term. Higgs (1997) pointed out that eco- 
logical restoration works best as an integrative science, combining expertise from var- 
ious scientific disciplines and nonscientific fields of study. Ecological restoration re- 
quires a transdisciplinary approach in order to maximize the goals of restoration and 
provides opportunities to learn more about ecosystem structure and function while 
“rebuilding” the disturbed sites and landscapes (that is, testing ecological ideas and 
concepts during the process of restoration). The restoration process typically results 
in restoring ecosystem function rather than in restoring the exact predisturbance 
structure. The field of restoration ecology ranges from small-scale reclamation to 
large-scale landscape management challenges and opportunities. 
Restoration ecology involves the application of principles, concepts, and mecha- 
nisms of ecosystem development to the management and restoration of disturbed 
systems. This field of applied ecology will assume greater significance as humankind 
attempts to speed up the recovery of disturbed landscapes (see Cairns et al. 1977, 
W. R. Jordan et al. 1987; Higgs 1994, 1997; Hobbs and Norton 1996: Meffe and Car- 
roll 1997; W. R. Jordan 2003 for additional discussion). . 





Network Complexity Theory 


The shift in energy use from growth to maintenance that we have cited as possibly the 
most important trend in ecological succession has its parallel in growing cities and 
countries. People and governments consistently fail to anticipate that as population 
density increases and urban-industrial development intensifies, more and more en- 
ergy, money, and management effort must be devoted to the services (water, sewage, 
transportation, and protection) that maintain what is already developed to-“punyp. 
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out the disorder” inherent in any complex, high-energy system. Accordingly, less en- 
ergy is available for new growth, which eventually can come only at the efpense o 
the development that already exists. Shannon (1950), the “father of information the- 
ory,” noted that increasing disorder is a property of all complex systems. What has 
come to be known as the network law can be stated as follows: 


ent) 


or approximately N?/2. 

In other words, the cost, C, of supporting a network, N, of services is a power ` 
function—roughly, a square—of N. That is, when a city or development doubles in 
size, the cost of maintenance may quadruple. For more on complex ecology, see Pat- 
ten and Jorgensen (1995) and Jorgensen (1997). 


Compartment Models for Land Use 


In thinking about how the principles of ecosystem development relate to the landscape 
as a whole, consider the compartment models shown in Figure 8-18. Figure 8-18A 
depicts three types of environments that constitute the life-support systems for the 
fourth compartment, the urban-industrial technoecosystems, which are in many 
ways parasitic on the life-support environment (Fig. 8-19). The human productive 
environment comprises early successional or growth-type ecosystems, such as crop- 
lands, pastures, tree plantations, and intensely managed forests that provide food and 
fiber. Mature ecosystems, such as old-growth forests, climax grasslands, and oceans, 
are more protective than productive. They stabilize substrates, buffer air and water 
cycles, and moderate extremes in temperature and other physical factors, while at the 
same time often providing products. The third category of natural or seminatural 
ecosystems, which bear the brunt of assimilating the vast wastes produced by the 
urban-industrial and agricultural systems, consists of waterways (inland and coastal), 
wetlands, and other intensely stressed environments. Ecosystems in this admittedly 
arbitrary category are, in the developmental sense, mostly in intermediate, eutrophi- 
cated, or arrested stages of succession. All of these components interact continually 
in terms of input and output (as shown by the arrows in Fig. 8-18). 


Figure 8-19. Model illustrat- 
ing the parasitic-nature of urban- 
industrial technoecosystems and 
the need to link natural life- 
support ecosystems with these 
technoecosystems, including a 
reward feedback loop (modified 
after E. P. Odum 1997; Barrett 
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Partitioning the landscape into three environmental components—natural, do- 
mesticated, and fabricated—as is traditional with landscape architects (Fig. 8-18B), 
provides another convenient way to consider the needs of and interrelations between 
these necessary parts of our household. Although the urbanized or fabricated envi- 
ronment is parasitic on the life-support environment (natural and domesticated) for 
basic biological necessities (breathing, drinking, and eating), it does create and ex- 
port other, mostly nonbiotic, resources, such as fertilizers, money, processed energy, 
and goods that both benefit and put stress on the life-support environment. Much 
more can be done to increase the resource output while reducing the stress and use 
‘of subsidies necessary to maintain outputs from high-energy, densely populated “hot 
spots.” However, no known feasible technology can substitute on a global scale for 
the basic biotic life-support goods and services provided by natural ecosystems. 

In Chapters 9, 10, and 11, we will consider the prospects for landscape-level 
planning and organic development to replace the present, haphazard, mostly short- 
term-oriented economic and political policies that determine land and water use 
during the twenty-first century. 
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1 Landscape Ecology: Definition and Relation 
to Levels-of-Organization Concept 


Statement 


Landscape ecology considers the development and dynamics of spatial heteroge- 
neity, spatial and temporal interactions and exchanges across heterogeneous land- 
scapes, influences of spatial heterogeneity on biotic and abiotic processes, and man- 
agement of spatial heterogeneity for society's benefit and survival (Risser et al. 1984). 

. Landscape ecology is an integrative field of study that weds ecological theory with 
practical application; addresses the exchange of biotic and abiotic materials among 
ecosystems; and investigates human actions as responses to and reciprocal influences 
on ecological processes. 

The relationship between spatial pattern and ecological processes is not restricted 
toa particular scale. For example, experiments focused at one temporal or spatial scale 
will likely benefit from experiments at both finer and broader scales, thus provid- 
ing a greater understanding regarding how plants and animals interact with changes 
in landscape patterns and processes across scales. Principles and concepts of land- 
scape ecology help to provide theoretical and empirical underpinnings for a variety of 
applied sciences (such as agroecosystem ecology, ecological engineering, ecosystem 
health, landscape architecture, landscape design, regional planning, resource man- 
agement, and restoration ecology). 


Explanation 


The levels-of-organization hierarchy was introduced in Chapter 1 (Fig. 1-3). In this 
book, we have emphasized the ecosystem as a basic unit (a level of organization) rel- 
evant to a holistic understanding of ecology. It has become increasingly recognized. 

- however, that to more fully understand the structure and function of ecosystems. one 
must focus not only on levels of organization below that of the ecosystem (such as in- 
dividual organisms, populations, and communities), but also increasingly on levels 
above that of the ecosystem (such as landscape, ecoregional or biome, and global lev- 
els). Chapters 9, 10, and 11 will focus on these higher levels in the hierarchy. This 
chapter will focus especially on landscape ecology. 

Wiens (1992) asked, “What is landscape ecology, really?” The term landscape, by 
its very definition, integrates people and nature (Calow 1999). For example, Merriam- 
Webster's dictionary defines landscape as “the landforms of a region in the aggre- 
gate” (Merriam-Webster’s Collegiate Dictionary, 10th edition, s.v. “landscape”). Land- 
scape ecology appears to have its origins in the late 1930s, when Carl Troll (1939) 

~ noted that all the methods of natural science are captured in the area of landseape-sci- 
ence (Schreiber 1990). This integrative field of study became widely recognized in 
central Europe in the 1960s. For example, at the International Association for Vege- 
tation Science meeting in 1963 (Troll 1968), Troll defined landscape ecology in accor- 
dance with Tansley’s concept of the ecosystem (Tansley 1935) as follows” 


Landscape ecology is the study of the entire complex cause-effect network be- 
tween living communities and their environmental conditions which prevails in 
a specific section of the landscape (Troll 1968). 
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Landscape ecology had its beginnings in North America during the 1980s, when 
Gary W. Barrett, then Ecology Program Director at the National Science Foundation, 
recommended funding for a workshop held at Allerton Park, Piatt County, Illinois, in. 
April, 1983 (see Risser et al. 1984 for details). This meeting served as a catalyst for 
annual meetings of the United States International Association for Landscape Ecol- 
ogy (IALE); the first meeting of LALE was held at the University of Georgia in Janu- 
ary 1986. This meeting was immediately followed by the first volume of the journal 
Landscape Ecology, published in 1987 with Frank B. Golley serving as editor-in-chief. 

a The now classic book Landscape Ecology, by Richard T. T. Forman and Michael Godron, 
was published in 1986. Thus, the 1980s proved to be the decade when landscape 
ecology took root in North America. 

Numerous benchmark books in the field of landscape ecology are recommended 
teading, including McHarg (1969), outlining the benefits of designing with nature; 
Naveh and Lieberman (1984), focusing on theory and application; M. G. Turner 
(1987), reviewing landscape heterogeneity and disturbance; Hansén and di Castri 
(1992), discussing the relationship of landscape boundaries to biotic diversity and 
ecological flows; Forman (1997), discussing the ecology of landscapes and regions; 
Barrett and Peles (1999), reviewing investigations focused on a model taxonomic 
group, namely small mammals; Klopatek and Gardner (1999), outlining application 
of landscape ecology methodologies to management issues; and M. G. Turner et al. 
(2001), integrating landscape theory to practice and application. 

The study of the causes and consequences of spatial patterns in the landscape is 
the cornerstone of the emerging science of landscape ecology. A landscape perspec- 
tive in ecology is not new (see Troll 1968), indeed, this is the perspective embodied 
in A Sand County Almanac: And Sketches Here and There by Leopold (1949). Itis only in 
the past couple of decades, however, that principles, concepts, and mechanisms have 
emerged based on rigorous investigations that have resulted in a theoretically sound 
basis for understanding landscape-level patterns, processes, and interactions. Thus, 
this emerging science has also. resulted in new emergirig properties and landscape- 

. scale understanding, such as the role of gamma diversity (number of species or other 
taxa occurring on a regional basis); quantifying the spread of disturbance; the impor- 
tance of source-sink dynamics; species-specific responses of individuals to landscape 
elements such as corridors; and rates of biotic exchange among ecosystem-types. 

To understand landscape patterns (such as heterogeneity in an agricultural land- 
scape mosaic) and processes (such as the eutrophication of a watershed), theory and 
application must be integrated into a holistic research and management approach. In- 
tegrating concepts include hierarchy theory, sustainability, net energy, patch con- 
nectivity, and cybernetic regulatory mechanisms, as discussed in previous chapters 
{also see Urban et al. 1987 and Barrett and Bohlen 1991 for details). Landscape ecol- 
ogy has now gained general acceptance as a branch of modern ecology dealing with 
the interrelationship between humans and both natural landscapes and human-built 
technolandscapes. Landscape ecology provides a scientific basis for such fields as de- 
sign, planning, management, protection, conservation, and restoration and provides 
the foundation for natural and human-dominated land management at the regional 
scale (Hersperger 1994). Landscapes change during the course of history, not only 
because of ongoing natural processes (that is, because of processes such as ecosystem 
development, as discussed in Chapter 8), but also because of social, political, and 
economic processes occurring within these systems. Landscape ecology emphasizes 
these changing relationships and emphasizes landscape as a system and level of or- 
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ganization. The better one understands landscape-level patterns and processes, the 
better one will understand processes and phenomena occurring at the organism, 
population, community, and ecosystem levels as well. 


Landscape Elements 


Statement 


The landscape mosaic is composed of three major elements: landscape matrices, 
landscape patches, and landscape corridors. The landscape matrix is a large area of 
similar ecosystem or vegetation types (such as agricultural, prairie, old field, or for- 
est) in which landscape patches and corridors are embedded. A landscape patch is 
a relatively homogeneous area that differs from the surrounding matrix (such as a for- 
est patch or woodlot embedded in an agricultural matrix, or a meadow embedded in 
a subalpine forest). A landscape patch differs from its surrounding matrix and may 
be referred to as a low-quality patch or a high-quality patch depending on its vegetative 
cover, plant quality (protein content, for example), and species composition. 

A landscape corridor is a strip of environment that differs from the matrix on 
either side and frequently connects—either naturally or by design—two or more 
landscape patches of similar habitat. A stream with its riparian vegetation is an ex- 
ample of á natural landscape corridor. The vegetation of corridors is often similar to 
the patches they connect but different from the surrounding landscape matrix in 
which they are embedded. Corridors can be classified into five basic types, based on 
their origin: disturbance corridors, planted corridors, regenerated corridors, resource (nat- 
ural) corridors, and remnant corridors. The function of a corridor depends, among 
other factors, on its structure (both natural and human-built), size, shape, type, and 
geographic relation to the surroundings. 


Explanation 


The landscape mosaic can be viewed as a heterogeneous area composed of a variety 
of different communities or a cluster of ecosystems of different types. The matrix in’ 
the landscape mosaic is composed of ecosystems that are quite similar in function 
and origins. For example, in the grain belt located in the Midwest of the United States, 
the matrix is most frequently agricultural or cropland. The matrix is frequently pine 
forests in the Coastal Plain of the southeastern United States; deciduous forests in the 
northeastern United States; and grasslands in the High Plains. In a landscape mosaic, 
quilt-like patches that differ from the matrix are frequently embedded. Figure 9-1A 
illustrates small wooded patches embedded in an agricultural matrix, whereas Figure 
9-1B shows larger patches in a similar matrix, but frequently connected by landscape 
corridors. Patches may be the result of abiotic factors, such as thermal “heat-islands” 
along Interstate 85 in Georgia, South Carolina, and North Carolina (Fig. 9-10). Nat-- 
` urally, these heat islands influence the physiological and ecological: processes: of 
plants and animals inhabiting these landscape patches. 

There are numerous natural and human-built (artificial) patches, beth terrestrial 
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: Courtesy of Gary W. Barrett 


Figure 9-1. (A) Example of landscape patches embedded 
within an agricultural landscape matrix. (B) Photograph show- 
ing how landscape corridors (fence rows) are maintained to 
connect landscape patches. (C) Diagram depicting a “heat 
island” along Interstate 85 from Atlanta, Georgia, to Char- 


lotte, North Carolina (diagram from Athens Banner-Herald, 
23 March 2002). 


patches throughout the Midwest in the United States. 
~ Barrett and Barrett (2001) described possible natural, N, and artificial, A, patch- 
matrix relationships (Fig. 9-2A). For example, it is possible to have a natural wooded 
patch, N,, such as a cemetery or urban forest, surrounded by an artificial urban ma- 
trix, Am (Fig. 9-2B); or an artificial, human-made area, A,, such as a shopping mall 
or cropland, surrounded by a natural forest matrix, N,,. In Figure 9-2B, for example, 
N Am represents a natural cemetery patch, dominated by native plant and animal 
species, located within an artificial urban matrix dominated by human-built struc- 
tures; whereas A Nm may represent an artificial cemetery patch, dominated by horti- 
cultural and exotic plant species, located within a natural wooded matrix. Patches 
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such as cemeteries also provide sites for the opportunity to integrate cultural with 
natural evolutionary processes and human life histories. Recently, conservation biol- 
ogists, landscape ecologists, resource managers, and restoration ecologists have be- 
gun to design investigations and management projects related to these integrative is- 
sues (see Wildlife in Church and Churchyard, second edition, Cooper 2001 for details). 

Patches are frequently used for ecosystem- and landscape-level investigations. For 
example, Kendeigh (1944) monitored pairs of breeding birds in Trelease Woods, a 
55-acre (22-ha) patch of forest located near Urbana, Illinois, to determine whether 
these individuals belonged primarily to forest-edge or forest-interior species. To eval- 
: uate the importance of patch size for breeding bird populations, he compared the 
3 data collected from Trelease Woods with data observed from an extensive forest tract 
7 at Robert Allerton Park (Kendeigh 1982). He found that 75 percent of the avifauna in 
Allerton Park favored the closed-forest (interior) habitat, compared to only 20 per- 
cent in the smaller, but similar Trelease Woods habitat patch. 

A component of spatial distribution related to dispersion is the concept of grain 
(Pielou 1974). Regarding habitat or landscape composition, grain relates to the rela- 
tionship of landscape patch size to an animal's mobility. A habitat or landscape patch 
is said to be coarse-grained for a given animal species if its vagility—ability to move 
freely about—is low relative to the size of habitat patches. A habitat is considered 
fine-grained for a species if that organism has high vagility relative to the size of hab- 
itat patches. For example, a wide-ranging predator, such as a red-tailed hawk (Buteo 
jamaicensis), will experience a mosaic of agroecosystem patches (woodlots) as a fine- 
grained habitat, whereas another species, such as a white-footed mouse (Peromyscus 
leucopus), will likely experience a more coarse-grained agricultural landscape by 
spending most of its time in a single patch (woodlot). 

Landscape patches may be located in a natural landscape matrix or simulated in 
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Courtesy of the Weodrand Cemetery and Arboretum Archives 


Figure 9-2. (A) Possible configurations of natural, N, and... 
artificial, A, patch-matrix-relationships (after Barrett-and Bar- 
rett 2001). (B} Aerial photograph of the Woodland Cemetery 
and. Arboretum in Dayton, Ohio, depieting»a N An patch 
matrix relationship. Woodland is an-older cemetery (> 100 
years), forming a more natural woodland pateh surrounded 
by an artificial urban matrix (after Barrett and: Barrett 2001). 
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Figure 9-3. Research design depicting twelve 0.04- 
hectare experimental grassland patches. Four patches con- 
tain enhanced cover, four patches contain reduced cover, 
and four patches are undisturbed controls (after Peles and 
Barrett 1996). 





Courtesy of Gary W. Barrett 


a replicated experimental research design. In one experimental design, Peles and Bar- 
rett (1996), in addition to embedded control plots, established both enhanced and 
reduced vegetative cover plots in order to quantify the importance of vegetative cover 
to meadow vole (Microtus pennsylvanicus) population dynamics (Fig. 9-3). They 
found, for example, that the mean body mass of female voles was significantly greater 
in the enhanced-cover treatment compared with the reduced-cover treatment during 
both years of the investigation. : 

In order to address the effects of habitat fragmentation on meadow vole popula- 
tion dynamics and social behavior, R. J. Collins and Barrett (1997) designed a repli- 
cated study using four nonfragmented 160-m° patches and four patches of equal size 
but fragmented into four 40-m° component parts (Fig. 9-4A). Both treatments con- 
tained high-quality habitat patches surrounded by a mowed, low-quality matrix 
dominated by giant foxtail (Setaria faberii; Fig. 9-4B). More female voles than male 
voles were found in the fragmented treatment compared to the nonfragmented treat- 
ment. Collins and Barrett also found a relationship between patch fragmentation and 
the social structure of the vole population that appeared to function as a population 
regulation mechanism. 

Landscape corridors are increasingly recognized as important landscape elements 
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that provide a means of enabling animal dispersal, reducing soil and wind erosion, 
allowing transfer of genetic information between patches, aiding in integrated pest 
management, and providing habitat for nongame species. Corridors, however, may 
have negative as well as positive effects (for example, transmission of contagious dis- 
eases, spread of disturbances such as fire, and increased exposure of animals to pre- 
dation; Simberloff and Cox 1987). 

Corridors may be classified into several basic types, as noted in the Statement. 
Remnant corridors occur when most of the original vegetation is removed from an 
area, but a strip of native vegetation is left uncut. Remnant corridors include uncut 
vegetation along streams, steep land, railroad tracks, or property borders. Remnant 
patches and corridors also provide “outdoor teaching and learning laboratories” for 
comparing ecological processes in young and mature systems (Barrett and Bohlen 
1991). For example, remnant corridors increase species diversity in the region, im- 
prove nutrient cycling, protect natural capital, and provide habitat for K-selected 
edge species, which includes many game species (Figure 9-5A). 

A linear disturbance through the landscape matrix produces a disturbance cor- 
ridor. Disturbance corridors disrupt the natural, more homogeneous landscape, but 









Figure 9-4. (A) Aerial photograph of study site depicting 
four high-quality 40-m? fragmented patches and four 160-m? 
nonfragmented patches. The experimental’ matrix consisted 
of mowed, low-quality habitat dominated by giant foxtail (Se- 
taria faberii). (B) Close-up of eight enclosures, each contain- 
ing fragmented and nonfragmented experimental. patches 
(after R. J. Collins and Barrett 1997). 


Courtesy of Gary W. Barrett 
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Figure 9-5. Examples of landscape corridors. (A) Rem- 
nant corridors connecting patches of virgin forest following 
timbering. Such corridors are valuable regarding movement 
of forest resources such as wildlife between forest patches. 
(B) A power line cutting through a forest habitat illustrates a 
disturbance corridor. (C) A planted corridor of trees estab- 
lished during the Shelterbelt Project in the 1930s that pro- 


‘vide protection against wind, snow drift, and soil erosion. 


(D) A grassland corridor established to divide soybean (Gly- 
cine max) patches represents a planted corridor. (E) A stream 
meandering through the countryside illustrates a resource 
(natural) corridor. (F} A fence row permitted to develop natu- 


‘rally through time illustrates a ‘egenerated corridor. 








Courtesy of Nichalas Rodenhouse 
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Courtesy of Gary W. Barrett 





Courtesy of Gary W. Barrett 


Figure 9-5. (continued) 


provide important habitat for native plant and animal “opportunistic” species adapted 
to disturbance or for species commonly found during the early stages of secondary 
succession (see Chapter 8). Power-line corridors that cut through a forest landscape 
provide an example of a disturbance corridor (Fig. 9-5B). Forest-interior species sel- 
dom use such corridors to nest or reproduce; however, forest-edge wildlife species 
may flourish in such corridors. Disturbance corridors may act as barriers: to the 
movement of some species, but they provide routes of dispersal for other species, such 
as the white-footed mouse (Peromyscus leucopus) and the eastern chipmunk (Tamias. 
striatus; see Henderson et al. 1985). Disturbance corridors can also act as filters for 
some species but not for others. This filter effect can be minimized by providing gaps 
or nodes of matrix vegetation in the corridor, allowing certain species to cross while 
restricting others. l 

Planted corridors are strips of vegetation planted by humans for a variety of eco- 
nomic and ecological reasons. For example, thousands of miles (kilometers) of planted 
tree corridors were established in the treeless Great Plains as part of the Shelterbelt 
Project during the 1930s (Fig. 9-5C), to reduce wind erosion and to previde wood 
and wildlife habitat (Shelterbelt Project 1934). Planted corridors also provide excel- 
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_ illustrates a stream resource corridor including riparian vegetation. Karr and Schlos- 





lent habitat for insectivorous birds and predaceous insects, and they function as dis- 
persal routes for small mammal species. 

Planted corridors have also been used in agricultural landscapes for a variety of 
ecological purposes. For example, Kemp and Barrett (1989) established grassy corri- 
dors (Fig. 9-5D) within soybean agroecosystems to retard the movement of adult po- 
tato leafhoppers (Empoasca fabae). Moreover, Nomuraea rileyi, a fungal pathogen, in- 
fected a significantly higher proportion of green cloverworms (Plathypena scarba) in 
plots divided by grassy corridors. This fungus is the primary natural biotic control 
agent of this major lepidopteran larval pest in the Midwest of the United States. ` 

Planted hedgerows of Osage orange trees (Maclura pomifera) and multiflora rose 
(Rosa multiflora) have been planted by farmers and game managers for decades to 
provide firewood, fenceposts, and wildlife habitat, and to serve as barriers to live- 
stock movement (see Forman and Baudry 1984 for a list of economic and ecological 
functions of hedgerows at the landscape scale). Unfortunately, in an effort to increase 
grain yields in the Midwest of the United States, many hedgerows were cut down 
during the latter part of the twentieth century. 

Resource corridors are narrow strips of natural vegetation that extend for long 
distances across the landscape (such as a gallery forest along a stream). Figure 9-5E 


ser (1978) and Lowrance et al. (1984) described how vegetated stream corridors ben- 
efit the agricultural landscape by intercepting nutrient and sediment runoff from the 
croplands that otherwise would end up in the streams, contributing to cultural eu- 
trophication problems. These strips not only improve water quality, but also reduce 
fluctuations in stream levels and help to conserve the natural biotic diversity within 
the agricultural landscape mosaic. 

A regenerated corridor results from the regrowth of a strip of vegetation in a 
landscape matrix (Fig. 9-5F). Hedgerows that develop along fences due to the natu- 
ral processes of secondary succession provide an excellent example of a regenerated 
corridor. Birds are common inhabitants of these regenerated corridors; avian species 
also aid the development and plant species composition of these corridors by pro- 
viding a mechanism of seed dispersal. Although some animals, especially insect pests, 
do economic damage by feeding on crops adjacent to corridors, Price (1976) and 
Forman and Baudry (1984) found that regenerated corridors were often the source 
of natural enemies that colonize adjacent crops and aid biotic pest control. Forest- 
edge bird species, and birds that forage in croplands, often nest in wooded regener- 
ated corridors. These bird species also help to regulate insect species in agricultural 
crops. Red fox (Vulpes vulpes), white-tailed deer (Odocoileus virginianus), and wood- 
chucks (Marmota monax) frequently use regenerated corridors. Small mammals have 
been found to suffer local extinction in relatively isolated patches of habitat (suchas 
forest woodlots) but use regenerated corridors to reestablish the populations and 
metapopulations (Middleton and Merriam 1981; Henderson et al. 1985; G. Merriam 
and Lanoue 1990; Fahrig and Merriam 1994; Sanderson and Harris 2000). 

Figures 9-6A and B illustrate an array of experimental patch sizes, showing how 


select patches can be.connected by vegetative corridors in order to investigate such 
parameters as small mammal patterns of movement, behavioral. responses to pres- 
ence or absence of corridors, the relationship of population densities to patch size, 
and species survivorship. The simulation of landscape elements in replicated, exper- 
imental designs provides an elegant and productive research approach to the field of 
landscape ecology. : . 
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Thus, corridors as a landscape element, depending on thei origin. provide a 
multiplicity of functions within the landscape mosaic. G. Merriam (1991) noted that 
the assessment of connectivity by corridors must come from species-specific empir- 
ical studies: More recently, it has been shown that indeed species of small mammals 
react to corridors in a species-specific manner (Mabry et al. 2003). Numerous stud- 
ies need to be conducted in diverse landscapes, investigating a diversity of plant and 
animal species along a gradient of temporal-spatial scales in order to better under- 
stand the role of corridors within the landscape mosaic. 


Figure 9-6. Experimental vegetation A 
plots designed to examine (A) the ef- 
fects of patch size and patch ‘quality for 
studies of movement, behavior, and dy- 
namics of rodent populations, and (B) the 
effects of patch quality for studies of 
heavy metal uptake and population dy- 
namics of small mammals. 











Courtesy of Jerry G. Wolff, University af Memphis 


Courtesy of Gary W. Barrett, Ecology Research Center, Miami University of Ohio 
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3 Biodiversity at the Community and Landscape Levels 


Statement. 


Descriptions of how populations and communities are arranged within a given geo- 
graphical region at the landscape level have featured two contrasting approaches: 
(1) the zonal approach, in which discrete communities are recognized, classified, and 4 
listed in a sort of checklist of community types; and (2) the gradient analysis approach, § 
which involves the arrangement of populations along a uni- or multidimensional 
environmental gradient or axis with recognition of community based on frequency 
distributions, similarity coefficients, or other statistical comparisons. The term ordi- 
nation is frequently used to designate the ordering of species populations and com- 
munities along gradients, and the term continuum or gradient analysis is used to 
designate the gradient containing the ordered populations or communities. In gen- 
eral, the steeper the environmental gradient, the more distinct or discontinuous are 
communities, not only because abrupt changes are more probable in the physical en- 
vironment, but also because boundaries are sharpened by competition and coevolu- 
tionary processes between interacting and interdependent species. 

An area or zone of transition between two or more diverse communities (between 
forest and grassland or between a soft-bottom and a hard-bottom marine substrate, 
for example) is known as an ecotone. The ecotonal community commonly contains 
many of the organisms of each of the overlapping communities in addition to organ- 
isms characteristic of and often restricted to ecotones (T. B. Smith et al. 1997; En- 
serink 1997). Often, both the number of species and the population density of some 
of the species are greater in the ecotone than in the communities flanking it. Fre- 
quently, the break between two community types is a sharp demarcation (where a 
crop field is directly adjacent to a forest, for instance). This narrow zone of habitat 
f transition is frequently termed an edge. The tendency for increased variety and den- 
` sity of species at community junctions is known as the edge effect. Species that use 
edges for purposes of reproduction or survival are frequently termed edge species. 


Explanation and Examples 


Deciding where to draw boundaries is not too much of a problem in ecosystem anal- 
ysis (see Chapter 2) as long as input and output environments are considered part of 
the system, no matter how the system is delimited, whether by natural features or by 
- arbitrary lines drawn for convenience. Strayer et al. (2003) classified boundaries into 
four main classes of boundary traits: (1)‘origin and maintenance; (2) spaticl structure 
(such as geometric shape); (3) function (such as transmissive or permeable); and 
(4) temporal dynamics (such as age and history of the boundary). However, when one 
delineates biotic communities by their component species populations, there is a prob- 
lem (see special section entitled “Ecological Boundaries” in the August 2003 issue of 
BioScience regarding the investigation and theory of ecological boundaries). 

During the past century, plant ecologists have debated whether. land plant com- 
munities are to be thought of as discrete units, with definite boundaries, as suggested 
by Clements (1905, 1916), Braun-Blanquet (1932, 1951), and Daubenmire (1966), 
or whether populations respond independently to environmental gradients to such 
an extent that communities overlap in a continuum, so that the recognition of dis- 
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Figure 9-7. Distribution of popula- Community types 
tions of dominant trees along a hypo- 
thetical gradient (0-10), illustrating the 
arrangement of component populations 
within a “continuum” community. Each 
_Species (a-o) shows a “bell-shaped” 
distribution with a peak of relative abun- 
dance (percentage of stand) at a differ- 
ent point along the gradient. A-E rep- 
resent different community-types within 
the large community. Curves have been 
patterned after Whittaker (1967). 
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crete units is arbitrary, as viewed by Gleason (1926), Curtis and Mcintosh (1951), 
Whittaker (1951), Goodall (1963), and others. Whittaker (1967) illustrates these 
contrasting viewpoints with the following example. If, at the peak of autumn color- 
ation in the Great Smoky Mountains National Park, one were to select a vantage point 
along the highway to obtain a view of the attitudinal gradient from valley floor to 
ridge top, one would observe five zones of color: (1) a multihued cove forest; (2) a 
dark green hemlock forest; (3) a dark red oak forest; (4) a reddish-brown oak-heath 
vegetation; and (5) a light green pine forest on the ridges. These five zones could be 
viewed as discrete community types, or all five could be considered part of a single 
continuum to be subjected to a gradient analysis that would emphasize the distribu- 
tion and response of individual species populations to changing environmental con- 
ditions in the gradient. This situation is illustrated in Figure 9-7, which shows the 
frequency distribution (as hypothetical bell-shaped curves) of 15 species of dominant 
trees (a through o) that overlap along the gradient, and which presents the somewhat 
arbitrary designation of five community types, A-E, based on the peaks of one or more 
dominants. Much can be said for considering the whole slope as one major commu- 
nity, because these community types are linked together by exchanges of nutrients, 
energy, and animals as a watershed ecosystem. The watershed is the smallest eco- 
system unit amenable to functional studies and overall human management. On the 
other hand, recognizing the zones as separate communities is useful to the forester or 
land manager, for example, as each type of community differs in. timber growth rate, 
timber quality, recreational value, vulnerability to fire and disease, and-other aspects. 

ə Ordination techniques often require ecologists to compare the similarity {or dis- 
similarity) of successive samples taken along.an-environmental gradient by usingan 
index of the following general form: 

Similarity index (S) = 2C 
ne ex (S) ror 
where A = number of species in sample A; B = number of species in sample.B, and 
C = number of species common to both samples: f 
Coactions between populations can contribute to separating one community from 

another, as in, for example, (1) competitive exclusion; (2) mutualisms between groups 
of species that depend on one ancther; and (3) coevolution-of groups of species. Also, 
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such factors as fire and edaphic conditions can create sharp boundaries. Buell (1956) 
described a situation at Itasca Park, Minnesota, where, within the general maple- 
basswood forest, islands of spruce-fir forest maintained rather sharp boundaries 
unassociated with changes in topography. Marine benthic communities similarly 
show rather sharp zonation in steep gradients, as does vegetation on a mountainside. 

Where abrupt changes occur along a landscape gradient, or where two distinctly : 
different habitats or communities border one another, the resulting ecotone or tran- 
sition zone often supports a community with characteristics different from those of 
the adjoining communities because many species require, as part of their habitat or 
life history, two or more adjacent communities that differ greatly in structure. For ex- 
ample, the American robin (Turdus migratorius) requires trees for nesting and open, 
grassy areas for feeding. Because well-developed ecotonal communities may contain 
organisms characteristic of each of the overlapping communities plus species living 
only in the ecotone region, the variety and density of life are greater in the ecotone. 
This condition is what is meant by edge effect. 

In a classic pioneer study, Beecher (1942) found that the population density of 
birds increased as the number of meters of edge per unit area of community in- 
creased. From general observation, most people have observed that the density of 
songbirds is higher on estates, campuses, residential districts, and similar settings, 
which have mixed habitats (habitat fragmentation) and, consequently, much edge, 
than on large, nonfragmented tracts of forest or grassland. 

Ecotones may also have characteristic species not found in the communities 
forming the ecotones. For example, in a study of bird populations along a commu- 
nity developmental gradient, study areas were selected to minimize the influence of 
junctions (edges) with other communities. Thirty species of birds were found to have 
a density of at least five pairs per 100 acres in one of these stages. However, about 
20 additional species were known to be common breeding birds of the region as a 
whole; 7 of these were found in small numbers, whereas 13 species were not even 
recorded in the selected, uniform study areas. Among those not recorded were such 
common species as robin (Turdus migratorius), bluebird (Sialia sialis), mockingbird 
(Mimus polyglottos), indigo bunting (Passerina cyanea), chipping sparrow (Spizella 
passerina), and orchard oriole (Icterus spurius). Many of these species require trees for 
nest sites or observation posts, yet feed largely on the ground in grass or other open 
areas; therefore, their habitat requirements are met in ecotones between forest and 
grass or shrub communities, but not in areas of either alone. Thus, in this case, 
40 percent (20 of 50) of the common species known to breed in the region may be 
considered primarily or entirely ecotonal. T. B. Smith et al. (1997) investigated 12 pop- 
ulations of passerine birds common in rain forest and forest /savanna habitats. Popu- 
lations in the forest and forest /savanna ecotone were morphologically divergent, de- 
spite high gene flow suggesting that ecotone habitats may be a source of evolutionary 
novelty generating increased biotic diversity. 

Hawkins (1940) showed with maps how this change eceutred i in Wisconsin dur- 
ing the century following the appearance of the first European settlers in 1838. If hu- 
mans settle on the Plains, they plant and water trees, creating a similar pattern. The 
preferred habitat of Homo sapiens can be said to be a forest edge, because the species 
likes the shelter of trees and shrubs but mostly gets its food from grassland and crop- 
land. Some of the original organisms. of the forests and the plains can survive in the 
human-made forest edge, whereas those organisms especially adapted to the forest 
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edge, notably many species of weeds, birds, insects, and mammals, often increase in 
numbers and expand their ranges because humans have created vast new forest-edge 
habitats. 

By’and large, game species such as deer, rabbits, grouse, and pheasants can be 
classified as edge species, so a large part of game management involves creating edge 
by planting food or cover patches, patch clear-cutting, and patch burning, Aldo Leo- 
pold, who is generally credited with introducing the concept of edge effect, wrote in 
his pioneering text on game management (Leopold 1933a) that “wildlife is a phe- 
nomenon of edges.” Hansson (1979) commented on the importance of landscape 
heterogeneity to the survival of northern warm-blooded animals that are active all 
year. Agricultural and other disturbed areas offer more food in winter than do ma- 
ture, undisturbed forests, which, however, offer more food in spring and summer. 

An increase in density in ecotones is by no means a universal phenomenon. Many 
organisms, in fact, may show the reverse. Thus, the density and diversity of trees is 
- obviously less in a forest-edge ecotone than in the forest interior. Breaking up the vast 
stretches of tropical rain forest will almost certainly reduce species diversity and cause 
the extinction of many species adapted to large areas of similar habitat. Ecotones ap- 
pear to assume their greatest importance where humans have greatly modified natu- 
ral communities and domesticated the landscape for many centuries, thus allowing 
evolutionary time for adaptation. In Europe, for example, where most of the forest 
has been reduced to forest edge, thrushes and other forest birds live in cities and sub- 
urbs to a greater extent than do related species in North America. But, of course, 
many other European species do not adapt and have become rare or extinct. 

As with most positive or beneficial phenomena, the subsidy-stress performance 
curve (see Fig. 3-7) is relevant to edge-diversity relations. Although increasing the 
amount of edge often increases diversity, excessive edge (many small blocks of habi- 
tat) causes diminishing returns in diversity. Theoretically, maximum beta species di- 
versity occurs when habitat patches are large, or fairly large, and the total amount of 
edge in the landscape is also large. These countertrends need to be considered in for- 
est and wildlife management and landscape design in general. Fahrig (1997) dis- 
cussed the effects of habitat loss and fragmentation on population extinction. 

Island biogeographical theory can help in determining just how large the patches 
should be (the minimum critical size of ecosystems; Lovejoy et al. 1986). See Harris’ 
(1984) book entitled The Fragmented Forest, which builds on the theory of island bio- 
geography regarding the management and preservation of biotic diversity. 


Island Biogeography 


Statement 


MacArthur and Wilson (1963, 1967) first published the theory of island biogeogra- 
phy. Simply stated, the island biogeography theory holds that the number, of spe- 
cies on an island is determined by the equilibrium between the immigration of new 
species and the extinction of those species already present. As rates of immigration 
and extinction depend on the size of islands and their distance from the mainland, a 
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Figure 9-8. Theory of island bio- 
geography, The number of species on an 
island is determined by the equilibrium 


between rate of immigration and rate of , 


extinction. Four points of equilibrium are 
shown, representing different combina- 
tions of large and small islands either 
near or far from continental shores (after 
MacArthur and Wilson 1963, 1967). 
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general equilibrium can be diagrammed, as presented in Figure 9-8. Four equilib- 
rium points are shown, representing a small, distant island predicted to have few spe- 
cies, S}; a small, nearby or a larger, distant island, predicted to be intermediate in 
terms of species richness, S,; and a large, nearby island that should support many 
species, S;. This model demonstrates the interplay of isolation, natural selection, 
dispersal, extinction, and speciation that has attracted the attention of population 
ecologists and evolutionary biologists to island biogeography for more than a cen- 
tury. This model is of fundamental mapa in landscape ecology and conserva- 
tion biology. 


Explanation 


Islands have fascinated biologists, geographers, and ecologists since Charles Darwin 
visited the Galapagos Islands. It has also become apparent that landscape patches on 
the mainland likely function as islands within the landscape mosaic. For example, the 
Andes Mountains of Ecuador stirred the imagination of Alexander von Humboldt 
(1769-1859), who laid the foundations of mountain geoecology there. Some argue 
that these Andean landscapes—the cradle of Humboldt’s work—should be consid- 
ered the birthplace of ecology, especially holistic ecology (Sachs 1995; F. O. Sar- 
miento 1995, 1997). The peaks-of such mountains, especially at approximately the 
same elevations, function as terrestrial islands regarding plant and animal commu- 
nity types. J. H. Brown (1971, 1978) investigated the insular biography of these “is- 
lands” in regard to small mammal and bird population diversity and abundances. 
These patches, which vary in size—large and small—and distance—near and 
far—fit the theory of island biogeography as proposed by MacArthur and Wilson 
(1963). For example, a patch of forest may be located in a “sea” of agricultural crop- 
land (see Fig. 9-1A), isolated from other patches in the landscape. The effect of patch 
size and isolation appears to have a pronounced influence on the nature and diver- 
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sity of species within these landscape patches. Preston (1962) formalized the rela- 
tionship between the area of the island and the number of species present as follows: 


S= cA 


where S is the number of species, A is the area of the island or patch, c is a constant 
measuring the number of species per unit area, and z is a constant measuring the 
slope of the line relating log S and log A (in other words, z is a measure of the change 
in species richness per unit area). 

Thus, the theory of island biogeography states that the number of species of a 
given taxon (insects, birds, or mammals) present on an island or within a patch rep- 
resents a dynamic equilibrium between the rate of immigration of new colonizing 
species of that taxon and the rate of extinction of previously established species (see 
Fig. 9-8): 


Examples 


Simberloff and Wilson (1969, 1970) removed all arthropods (by insecticide treat- 
ment) from small mangrove islands in the Florida Keys and observed recolonization. 
` The patterns of recolonization of the islands by arthropod populations tended to ver- 
ify the MacArthur-Wilson dynamic equilibrium model based on the theory of island 
biogeography. Since that time, similar studies have been conducted (for example, 

J. H. Brown and Kodric-Brown 1977; Gottfried 1979; Strong and Rey 1982; William- 

son 1981), helping to explain the distribution of arthropod, bird, and small mammal 

species among habitat patches and on islands. © 

Others have suggested that the theory of island biogeography provides a basis for 
the design of reserves established to preserve natural diversity, to protect endangered 
species, or both. Accordingly, a large reserve is preferable to a group of smaller re- 
serves with the same total area. Harris (1984), in his award-winning book The Frag- 
mented Forest, also built on the theory of island biogeography by relating it to forest 
and wildlife management. The idea that corridors should be maintained between 
reserves or refuges whenever possible was suggested by E. O. Wilson and Willis 

(1975) based on the equilibrium theory of island biogeography. 

l Ecological principles based on the theory of island biogeography help planners 
and resource managers to design nature preserves. When a preserve is to be carved 
from a homogeneous landscape matrix, the following landscape principles are fre- 
quently used regarding the design of the preserve, in order to maximize species rich- 

_hess and to minimize the role of disturbance and edge effects on ecological processes: 


* One large patch is better than several smaller patches of the same total size; 
: N 
* Corridors connecting isolated patches are preferable to a total lack of corri- 
dors; and . l 
* ` Circular or square patches that maximize area-to-perimeter ratios are preferable 
to elongated, rectangular patches with much edge. 


It should be kept in mind that nature preserves must be designed and managed 
in accordance with plant and animal life histories, special requirements (such as nest- 
ing sites, salt licks, and food resources), and the need to minimize the invasion of ex- 
otic species. ; a 

Simberloff and Cox (1987) provided a model encompassing rates of immigra- 
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Figure 9-9. Effect of corridors on rate 
of immigration, /, rate of extinction, E, 
and the resulting number of species in 
equilibrium based on the island biogeo- 
graphic model. S, is the equilibrium num- 
ber of species without corridors; S; is the 
equilibrium number of species with cor- 
ridors. (From Figure 1 in Simberloff, D., 
and J. Cox. 1987. Consequences and 
costs of conservation corridors. Con- 
servation Biology 1:63-71. Copyright 
1987 Blackwell Publishing.) 
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tion and extinction between patches that were either isolated or connected by corri- 
dors (Fig. 9-9). Harris (1984), among others, suggested that corridors act by in- 
creasing the rate of immigration—thus, the extinction of a dwindling population 
_ would be slowed or even halted by-an influx of immigrants (the rescue effect; J. H. 
Brown and Kodric-Brown 1977). Furthermore; the individuals of some species, es- 
pecially large mammals, must range widely and maintain a large home range in or- 
der to meet food requirements, and if population sizes are too small, inbreeding de- 
pression will ensue and lead to extinction—a concern regarding the small, isolated 
population of the Florida panther (Felis concolor coryi). Figure 9-9 provides a model 
to test these concerns and hypotheses. 

In summary, any patch of habitat isolated ioi similar habitat by a different, rel- 
atively inhospitable terrain or matrix that is navigated with difficulty by organisms of 
the habitat patch may be considered an island; these patches include mountaintops, 
small lakes, bogs, areas fragmented by human land use, woodlots, or forest patches 
clear-cut for experimental purposes. How these experimental patches affect the pop- 
ulation dynamics of species of small mammals and butterflies has been documented 
by Bowne et al. (1999), Haddad and Baum (1999), ey and Barrett (2002), and 
Mabry et al. (2003). 


Neutral Theary 


Statement 


Neutral theory, in ecology, treats all species as if they had the same per capita rates 
of birth and death, dispersal, and even speciation. Although this assumption is only 
a first approximation, neutral theories in ecology are useful in formulating and test- 
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ing null hypotheses about how communities and ecosystems are assembled in land- 
scapes. Recently, neutral theory has been given attention following the publication of 
The Unified Neutral Theory of Biodiversity and Biogeography by Stephen P. Hubbell 
(2001). Hubbell went beyond the null hypothesis view to suggest that neutral theory 
might actually give a better explanation for many landscape-level ecological patterns 
than does current ecological theory. 


Explanation | 


The neutral theory of biodiversity and biogeography (Hubbell 2001) is a generaliza- 
tion and extension of the theory of island biogeography (MacArthur and Wilson 
1967). It is termed neutral theory because all species are treated as having identical vi- 
tal rates on a per capita basis (the same birth and death rates, the same rate of dis- 
persal, and the same rate of speciation). Neutral theory applies to communities of or- 
ganisms that are on the same trophic level and that compete for the same or similar 
limiting resources. The theory is derived by assuming that the dynamics of commu- 
nities are a zero-sum game for limiting resources—that is, no species can increase in 
abundance or biomass without a matching decrease in the collective abundance or 
biomass of all other competing species. Neutral theory assumes that species are largely 
substitutable in their use of limiting resources, so that if one species happens to be 
absent from a community, other species will fully use the resources freed up by its 
absence. The neutral theory of biodiversity and biogeography extends the MacArthur- 
Wilson theory by also predicting steady-state patterns for species’ commonness and 
rarity (relative species abundance on islands or in local communities) but by incorpo- 
rating speciation, a process not included in the original theory of island biogeography. 

There is much interest in the neutral theory because it seems to fit many large 
landscape patterns as well as or better than current ecological theory. The contro- 
versy centers on why it performs so well. What does the neutral theory predict? As 
we, have seen, Hubbell built his neutral theory on the foundation of the theory of is- 
land biogeography (MacArthur and Wilson 1967), which states that the number of 
species on islands or habitat patches results from an interplay between the rate at 
which species immigrate to the island from the mainland—or disperse to a habitat 
patch from the surrounding landscape—and the rate at which resident species go ex- 
tinct. The MacArthur-Wilson theory, however, did not explain the equilibrium pop- 
ulation sizes of these island species. Hubbell (2001) generalized their theory to pre- 
dict species commonness and rarity (relative species abundance) on islands or in 
habitat patches. This generalization was possible because the theory of island bio- 
geography is also a neutral theory. It is neutral because all species are assumed to 
have the same probability of immigrating to an island or going extinct once there. 
Hubbell’s theory also added a process by which new species could originate (specia- 
tion), which was absent from the original theory. Hubbell’s theory fits patterns of rel- 
ative species abundance in a number of ecological communities, but some of the clos- 
est fits are related to the abundance of tree species in a number of large, permanent 
plots of tropical rain forest. 

Figure 9-10 shows the relative abundance of tree species in a tropical forest 
(50-ha plot) located in Southeast Asia. The relative abundance data are displayed as 
a dominance-diversity curve. A dominance-diversity curve arranges species on the 
x-axis in rank order of abundance, from the most common species at the lowest rank 
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Figure 9-10. Dominance-diversity curve for a sample of 
324,592 trees and shrubs of 1175 species in a 50-hectare 
forest plot in Lambir Hills National Park, Sarawak, Borneo. 
The dashed line is the curve expected in a much larger area 
(the metacommunity), with an estimated value of © = 310. 
The solid line is the observed dominance-diversity curve. The 
line with error bars (+1 standard deviation of the mean) 
is fitted for an immigration rate m = 0.15'per birth. Rare 
species are rarer than predicted from the metacommunity 
dominance-diversity curve because they are more extinction- 
prone locally than common species, and once locally extinct, 
they take longer to re-immigrate. 
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position (left end) to the rarest species at the highest rank position (right end). The 
logarithm of the relative abundance of the species (usually plotted as the log of the 
species percentage or some other measure of species importance in the community) 
is plotted on the y-axis. The neutral theory predicts that reducing the immigration 
rate will make rare species rarer and fewer in number in island communities than in 
their mainland community counterparts. The diagonal line that does not bend at the 
rare-species end is the fitted expected curve for the source (“mainland”) area. The ob- 
served curve for the 50-ha plot of rain forest drops away from the source area curve 
at the rare-species end, as expected based on neutral theory. From fitting the neutral 
theory to dominance-diversity curves, one can estimate the immigration rate that can 
explain the observed further rarefaction of the already rare species in a commu- 
nity. The immigration rate (denoted by the parameter m) estimated for this rain for- 
est plot is 15 percent, meaning that 15 percent of the trees in this plot are calculated 
to have originated as immigrants from the forest surrounding the plot. The neutral 
theory estimates the dominance-diversity curve for the source area, termed the meta- 
community in neutral theory, based on a number called theta. Theta (O) in the neu- 
tral theory is a fundamental biodiversity measure that characterizes species diversity 
at the metacommunity equilibrium between the rates of speciation and extinction of 
species in the metacommunity. Theta is the product of two parameters—one speci- 
fying the size of the metacommunity and the other the rate of speciation. Although 
the speciation rate and the size of the metacommunity are generally not known, re- 
markably, their product (O) can be estimated from relative species abundance data 
(Hubbell 2001; Volkov et al. 2003). 

Neutral theory has-not gone unchallenged. A number of papers and books have 
argued that nonneutral theories can do as well or better. Neutral theory assumes that 
large landscape patterns are the result of random speciation, dispersal, and random 
drift in population size of individual species, known as demographic stochasticity. Su- 
gihara et al. (2003) and Chase and Leibold (2003) argued in support of niche as- 
sembly theory—the hypothesis that ecological communities are equilibrium as- 
semblages of niche-differentiated, competing species, coexisting because each species 
is the most effective competitor in its own niche. Contrary to MacArthur and Wilson 
(1967) and Hubbell (2001); niche assembly theory asserts that dispersal is not very 
important in determining which species are present or absent from a particular eco- 
logical community. 
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Sugihara et al. (2003) and McGill (2003) argued for continuing to describe pat- 
terns of relative species abundance using the widely fitted lognormal distribution, first 
used byPreston (1948) to describe patterns of bird species abundance. Sugihara et al. 
(2003) suggested that if niches are nested hierarchically and communities are in equi- 
librium, a lognormal pattern of relative species abundance can be obtained. McGill 
(2003) argued that the lognormal curve fits better than the neutral theory. 

Volkov et al. (2003) argued in favor of the neutral theory and in disfavor of a re- 
turn to the lognormal distribution on both biological and mathematical grounds. On 
biological grounds, they argued that the parameters of the neutral theory all have 
straightforward biological interpretations, like birth and death rates, immigration 
rates, speciation rates, and the size of the community. In contrast, the parameters of 
the lognormal distribution are generic—a mean, a variance, and a modal species fre- 
quency—and have no clear biological derivation. On mathematical grounds, Volkov 
et al. (2003) pointed out that, although the lognormal curve can be fit to static data, 
` it can never be the foundation for successful dynamic hypothesis testing for ecologi- 

cal communities, because the variance of the lognormal distribution increases indefi- 
nitely through time. They also rebutted McGill's claim by showing that the neutral 
theory actually fits relative abundance data as well as or better than the lognormal 
curve, based on analytical solutions to neutral theory. 

Chave et al. (2002) argued that factors other than dispersal assembly could ex- 
plain patterns of relative species abundance in communities. One possibility is den- 
sity and frequency dependence, or rare species advantage. If populations of rare spe- 
cies grow faster than populations of common species, then rare species will tend to 
grow out of rare prevalence categories, resulting in fewer rare species at equilibrium. 
However, Banavar et al. (2004) showed that density and frequency dependence are 
not inconsistent with neutral theory, so long as all species with the same degree of 
abundance experience the same rare species advantage. For this reason, neutral the- 
ories are also said to be symmetrical. As long as each species obeys the same ecologi- 
cal rules, neutral theories can incorporate quite complex and biologically interesting 
ecological processes. Neutral theory has stimulated ecologists to ask to what extent 
ecological communities-can be treated as approximately symmetrical and when, how, 
and under what circumstances this symmetry is broken. Neutral theory has high- 
lighted the value in ecology of starting with the simplest hypothesis and only adding - 
complexity when the collected data force one to do so. Neutral theory offers a re- 
examination of ecological hypotheses about how landscapes are put together. 

Neutral theary also makes many predictions about species-area relationships and 
patterns in phylogeny and phylogeography—the study of the patterns of speciation 
as they are embedded in biogeographic landscapes. The neutral theory's basic as- 
sumptions of symmetry and species equivalence in per-capita vital rates still await 
thorough and rigorous testing. Many fundamental questions remain: When are spe- 
cies similar enough in terms of their functional roles in ecosystems and landscapes to 
be ecologically substitutable? When-do ecological niche differences matter to the as- 

sembly of natural ecological communities? A reexamination of these questions in ba- 
sic ecology should help to resolve why the neutral theory works so well despite mak- 
ing only a few, simple assumptions. One possibility is that on large landscape scales, 
communities and ecosystems may exhibit a kind of emergent, average statistical- 
mechanical behavior that can be described by far simpler theories than might have 
“ been expected from species diversity and complexity indices. 
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6 Temporal and Spatial Scale 


Statement 


Ecological processes vary in their effects or importance at different spatial and tem- 
poral scales. For example, biogeochemical processes may be relatively unimportant 
in determining local patterns but may have major effects on regional or landscape 
patterns. At the population and community levels, processes leading to population 
decline or reduced biodiversity may produce extinction at the local scale, but at the 
landscape level, the same processes may appear only as spatial redistributions or al- 
terations. The concept of scale encourages analyses at different levels of organization 
(different levels in the hierarchical system). For example, a landscape might appear 
to be heterogeneous at one scale but quite homogeneous at another scale. Thus, when 
ecologists select a scale for investigation, they must understand how a change in tem- 
poral or spatial scale can affect patterns, processes, and emergent properties across 
scales. 


Explanation 


Kenneth E. F. Watt, in his textbook entitled Principles of Environmental Science (Watt 
1973), listed five categories of fundamental ecological variables that need to be un- 
derstood in order to understand large temporal-spatial processes, including the in- 
teractions among these five categories of world resources. These resources (variables) 
are energy (covered in Chapter 3), matter (in Chapter 4), diversity (in Chapters 1, 7, 
and 9), time, and space (both covered in this chapter). Since 1973, numerous books 
and publications have focused on the importance of time and space as fundamental 
world resources—indeed, temporal-spatial relationships underpin the emerging dis- 
ciplines of conservation biology, ecosystem health, landscape ecology, and restora- 
tion ecology, among others. 

Figure 9-11 depicts how processes and patterns change at different temporal and 
spatial scales (see Urban et al. 1987 for details). Figure 9-11A illustrates short-term 
disturbances that involve increasing spatial but not temporal scales, ranging from 
treefalls to large-scale fires and floods. Figure 9-11B illustrates forest processes that 
involve both increasing temporal and spatial scales, ranging from the role of local 
seed banks to speciation and extinction. Figure 9-11C depicts environmental con- 
straints, scaled from microhabitat conditions to glacial cycles; and Figure 9-11D de- 
picts changes in vegetation patterns, scaled from ground cover to major biomes (to 
bė discussed in the next chapter). Each of these space-time relationships can best be 
understood when viewed as changes in temporal and spatial scales. 

Both temporal and spatial scales are involved in the ecological /economic hierar- 
chy of farming. Figure 9-12 depicts the hierarchical nature of agricultural systems. 
The success of the crop depends not only on field conditions (small temporal-spatial 
scale), but also on the sustainability of the whole farm (ability to profit), on water 
from the watershed, and on a market for the crop (large temporal-spatial scale). Prob- 
lems such as pest control, stream eutrophication, and economic constraints change 
with scale, ranging from small-scale (and frequently short-term) problems at the field 
or single-crop level to large-scale (and frequently long-term) challenges at the land- 
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Figure 9-11. Examples of changes at different temporal-spatial scales in (A) disturbance re- 
gimes; (B) forest processes; (C) environmental constraints; and (D) vegetation patterns. (From 
Urban, D. L., R. V. O'Neill, and H. H. Shugart, Jr. 1987. Landscape ecology. BioScience 
37:119-127. Reprinted with permission.) 


q a ` scape or national levels. For example, a specific pesticide applied at the field or crop 

4 level may control a-particular insect species at a critical time during the growing sea- 
son, whereas only the implementation of large-scale, ecologically based pest man- 
agement programs at the landscape level improve the problem on a long-term basis 
(NAS 2000; E. P. Odum and Barrett 2000). 

The impact of natural disturbances or human-originated perturbations on popu- 
lation dynamics and community structures is also a matter of scale, involving an as- 
sessment of the size of the area affected and the duration and intensity of the pertur- 
bation. Connell (1979) suggested that the intensity of the perturbation is maximal at 
intermediate levels of disturbance in regard to the maximum number of species in a 

` community, ecosystem, or landscape (Fig. 9-13). This relationship of species rich- 
ness to intensity of disturbance is termed the intermediate disturbance hypothesis. 
„One way to reduce the excessive use of subsidies (energy, pesticides, and fossil 
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fuels) in agroecosystems is to permit nature to “self-heal” by promoting more natural 
soil-building processes, (soil chemistry and biotic diversity can be improved through 
natural developmental and coevolutionary processes). Time valued as a fundamen 
resource is often ignored; consequently, societies continue to subsidize and mana; 
ecosystems and landscapes on shorter and smaller temporal-spatial scales (Barr 
1994). See Peterson and Parker (1998) regarding the role of ecological scale in pla 
ning and application. 

A 50-year study investigating changes in the Georgia landscape between 19 
and 1985 (E. P. Odum and Turner 1990) illustrates the role of data synthesis and 
planning at the landscape and regional'scales. The study focused on topography, cli. 
mate, human population density, economics, and politics of the state of Georgia and 
is considered representative of the 10 states in the southeastern region of the United 
States. The study documented in detail the development of industrial agriculture, 
with large mechanized farms replacing small family farms; the reforestation of aban- 
doned farmland, accompanied by an exponential increase in the white-tailed deer 






Figure 9-12. The hierarchical nature 
of agricultural systems in the state of 
Georgia. (From Figure 1 in Lowrance, R., 
P. F. Hendrix, and E. P. Odum. 1986. A 
hierarchical approach to sustainable ag- 
riculture. Journal of Alternative Agricul- 
ture 1:169-173. Reprinted with permis- 
sion of Cabi Publishing.) 
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igure 9-13. Diagram depicting the 
atermediate disturbance hypothesis 
H. Connell 1979). The number of 
pecies in a community tends toward 
maximum at intermediate levels of 
isturbance. 





Number of species ——————_> 


Frequency or intensity of disturbance ————> 


(Odocoileus virginianus) population; and the rapid increase in urbanization, human 
population growth, transportation needs, and industrialization. 

The yields of field crops (cotton, corn, soybeans, and peanuts) increased twofold, 
but vegetable production decreased fourfold, as more food was imported from other 
regions and countries. Point-source municipal pollution declined, as indicated by a 
steady reduction of coliform bacteria in rivers, but nonpoint pollution increased, as 
indicated by the steady increase of nutrients, pesticides, and industrial wastes in all 
rivers in the state. The study pointed to the urgent need for serious land-use planning 
to replace the current haphazard development on a statewide and landscape scale. 
Recommendations included the need for more greenbelt buffers, cluster develop- 
ment, an urban-zone vegetable agriculture, source reduction of water and air pollu- 
tion, and increased environmental literacy education at all grade levels. Planning can 
be more effective when accomplished at the landscape and regional scales and needs 
to include the interaction of urban and rural areas and cultures (Barrett et al. 1999). 


Statement 


Just as the size and quality of landscape patches and corridors (amount of vegetative 
cover and food quality, for example) affect ecological processes and plant and animal 
abundances, the geometry and configuration of landscape elements affect ecological pro- 
cesses at the population and community levels. It is now widely recognized that the 
size and shape of landscape patches influence biotic diversity, home range size and 
shape, animal dispersal behavior, and species abundance. Recent investigations have 

ne l addressed the role that landscape geometry plays in plant and animal survivorship, 
source-sink dynamics, rates of species invasion, and edge-habitat dynamics. Future 
investigations need to address the role of landscape geometry (the study of the - 
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shapes. patterns, and configurations of landscape elements) and landscape archi: 
tecture (patch stratification, “soft versus hard” edges, and three-dimensional use o 
habitat space) if ecologists are to more fully understand such phenomena as disper: 
sal behavior, patterns of animal movement, bioenergetics at the landscape scale, arid 
ecosystem-landscape sustainability. 


» Explanation 


Ecologists now more clearly understand the relationship of ecosystem size to popu- ; 
lation abundance and biotic diversity. For example, iri The Fragmented Forest, Larry 4 
Harris (1984) discussed how the preservation of biotic diversity is dependent on 4 
patch size affecting such parameters as home range size, island biogeography (see 4 
Section 4), and patch connectivity. Figure 9-14A depicts eight 1600-m* experimen- 
tal patches of equal size but contrasting shapes. S. J. Harper et al. (1993), using these 
patches, found that home range sizes for a small mammal species (Microtus pennsyl- 
vanicus) were of equal area but different shapes due to the contrasting shapes of 
patches. Thus, the geometry of habitat patches may affect population dynamics ow- 
ing to differences in edge-to-area ratios for patches of different sizes and shapes. This 
change in home range shape, however, did not affect survivorship or age structure. 
S. J. Harper et al. (1993) concluded that plasticity of behavior (adapting to changes 
in the home range shape) appears to have prevented differences in population den- 





Courtesy of Terry L. Barrett 


Figure 9-14. (A): Aerial photograph of eight 1600-m? experi- 
mental patches of contrasting shape, n = 4 replications per shape 
(after S. J. Harper et al. 1993). (B) An example of radial-arm irriga- 
tion, which creates circular landscape patterns. 





Courtesy of Gary W., Barrett 
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Figure 9-15. Diagram depicting (A) the three major landscape elements (patch, corridor, 
and matrix); (B) the relative abundances of edge and interior species in patches and corridors; 
(C) a bottomland forest peninsula and; (D) examples of contrasting patch shapes of equal size 


- but different geometry. 


sity, survival, and age structure between the different patch shapes. The shape of hab- 
itat patches, however, did affect the number of meadow voles that dispersed when 
population densities were low, but not when densities were high. 

Figure 9-15A summarizes the three major landscape elements (patches, corri- 
dors, and matrices) found within the landscape mosaic. Figure 9-15B illustrates how 
the abundances of interior and edge species are related to patch and corridor shape 
and size. Bird edge species, for example, include the indigo bunting (Passerina cya- 
nea), the eastern bluebird (Sialia sialis), and the cardinal (Cardinalis cardinalis); ex- 
amples of interior bird species include the wood thrush (Hylocichla mustelina), the 
ted-eyed vireo (Vireo olivaceus), and the downy woodpecker (Picoides pubescens). Ken- 
deigh (1944) noted that patches of eastern deciduous forest larger than-26 hectares 
(65 acres) warranted consideration as valid avifaunal census patches to evaluate for- 
est.edge versus interior bitd species. Although two of the patches on the left of Fig- 
ure 9-15B are connected by a narrow corridor, the corridor is too narrow to permit 
the movement of interior species between patches. Figure 9-15C illustrates a bottom- 
land forest peninsula, created by a meandering stream or river. Peninsulas may be 
large in scope (such as the Baja Peninsula of California) or small in scope (such as the 
neck of a forest extending into farmland). Figure 9-15D illustrates several patches of 
equal size but of different shapes. A circular patch maximizes habitat for interior spe- 
cies (see Fig. 9-14B as an example), whereas a long linear, narrow patch maximizes 
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habitat for edge species. In fact, it is likely that interior habitat is entirely elimina 
within these narrow, linear corridors, thus severely limiting or preventing inten 
plant and animal species from inhabiting a landscape patch of this configuration. 


Examples 


LaPolla and Barrett ¢1993) found, using a small-scale replicated experiment in Oh 
(Fig. 9-16), that patch connectivity (that is, corridor presence) was more importa 
than corridor width to the dispersal of meadow voles between patches. Rosenber: 
et al. (1997) discussed the geometry, function, and efficacy of biological corridors 
including the ability of such corridors to mitigate high local rates of extinction. Th 
also note that linear corridors may function as linear patches (that is, habitat patches)? 
depending on size and species-specific responses to these configurations. : 

In the “real world,” circular patches or ecosystems are abundant where radial-arm 
irrigation is used (such as in the western United States, where annual rainfall is lim- 
iting), whereas square or rectangular patches are abundant in the farming landscape 
of the midwestern United States. In some cases, there are roads about every square 
mile (that is, cultural influences have resulted in the establishment of sections of land 
and patches based on road configuration). How these large configurations at the 
landscape scale have affected the evolution (abundance and biodiversity) of plant and 
animal species awaits further investigation. For more information on how road ecol- 


Figure 9-16. Aerial photograph depicting the replicated 
research design used to evaluate the effects of corridor width 
and presence on the population dynamics of the meadow vole 
` (Microtus pennsylvanicus) {after LaPolla and Barrett 1993). 





Courtesy of Gary W. Barrett 
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Figure 9-17. Diagram depicting the Forest habitat Habitat loss 
difference between habitat loss (top) ope EES 
and habitat fragmentation (bottom). The 
same total area of deforestation can re- 
sult in the loss of species requiring large ` 
home ranges when habitat is frag- 
mented, for example. 








ogy and systems are related to ecological processes and wildlife abundance, see For- 
man et al. (2003). 

Because the amount of edge habitat changes with patch shape, it is only natural 
that landscape ecologists have increasingly investigated the role of edge habitat 
within the landscape mosaic. Because the variety and diversity of life is often greatest 
in and about edges and ecotones (a phenomenon termed the edge effect), it follows 
that changes in patch shape, resulting in increasing or decreasing amounts of edge 
habitat, also result in increasing or decreasing species abundance and biotic diversity. 

Ostfeld et al. (1999) summarized how interactions between meadow voles (Mi- 
crotus pennsylvanicus) and white-footed mice (Peromyscus leucopus) at forest-old-feld 
edges affected tree invasion in old-field ecosystems. Meadow voles prey on seedlings 
of sugar maple (Acer saccharum), white ash (Fraxinus americana), and tree of heaven 
(Ailanthus altissima), whereas white-footed mice prefer seeds of red oak (Quercus rubra) 
and white pine (Pinus strobus). Voles have their strongest effects on seedling mortal- 
ity at sites more than 10 meters away from the forest edge, whereas seed predation 
by white-footed mice is strongest in the zone less than 10 meters from the forest edge. 
Thus, not only the amount of edge habitat, but the ecosystem types involved and the 
species living within these edge habitats cause long-term effects on rates of second- 
ary succession and plant community composition. 

The previous sections attempted to illustrate how habitat fragmentation has re- 
sulted in a landscape mosaic dominated by changes in the size, shape, and frequency 
of landscape elements (patches, corridors, and matrix). These changes resulting from 
habitat fragmentation—changes caused by both natural and human-dominated pro- 
cesses—have affected plant and animal diversity and abundance, numbers of edge 

versus interior species, and changes in micro- and macroevolutionary processes. Fig- 
ure 9-17 illustrates the difference between habitat loss and habitat fragmentation. 
Equal amounts of deforestation can result in changes not only in the geometry of the 
landscape, but also in species diversity, because numerous avian and mammalian 
species require large home ranges for their reproductive success and survivorship. 
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Changes in biodiversity also affect ecological processes at several levels of organiza- 
tion. Long-term evolutionary processes at the organism, population, and community 
levels have resulted in a series of ecosystem, landscape, and biome types at the global 
scale. In the next chapter, these large regional landscape units, termed biomes, will be 
described and illustrated. 


8 Concept of Landscape Sustainability 


Statement 


» 


Dictionaries define sustainability as “to keep in existence,” “to support,” “to endorse 
without failing or yielding,” “to maintain,” or “to supply with necessities or nourish- 
ment to prevent from falling below a given threshold of health or vitality” (as sum- 
marized by Barrett 1989). This threshold could be viewed as the carrying capacity (K) 
concept discussed in Chapter 6. Perhaps Goodland’s (1995) definition of sustain- 
ability as “maintaining natural capital” and “maintenance of resources” more clearly 
defines sustainability at higher levels of ecological organization (at the ecosystem, 
landscape, and global levels). 


7 a 


Explanation i 


There have been several attempts to summarize and discuss the benefits supplied to 
human societies by natural ecosystems (see Daily et al. 1997; Costanza, d’Arge, et al. 
1997; Hawken et al. 1999 for a more detailed discussion of natural capital). Natural 
capital, in contrast to economic capital, are those benefits supplied to human socie- 
ties by natural ecosystems and landscapes (see Table 1-1 for a summary of perceived 
differences between ecology and economics). In addition to the production of goods 
(such as timber, game species, fruits, and nuts), ecosystem and landscape services 
support life through such functions as the purification of air and water, the cycling 
of nutrients, the pollination of crops, the preservation and renewal of soil fertility, the 
partial stabilization of climate, the maintenance of biodiversity, the provision of aes- 
thetics, and the control of pests, among others. These services are so fundamental 
to life that they are, unfortunately, easily taken for granted. Thus, these services— 
which underpin the concept of landscape sustainability—are greatly undervalued 
and poorly understood by human societies. As noted in Chapters 1 and 2, energy 
would be a better currency to value these goods and services than economic curren- 
cies. If awareness and understanding are not increased and current trends continue, 

humankind will dramatically alter Earth's natural ecosystems and a to the 
extent that these services of natural capital will greatly diminish. 


9 Domesticated Landscapes 


Civilization seems to reach its most intense development in what was originally for- 
est and grassland, especially in temperate regions. Consequently, most temperate for- 
ests and grasslands have been greatly modified from their primeval condition, but the 
basic nature of these ecosystems has by no means changed. Humans, in fact, tend to 
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combine features of both grasslands and forests into habitats that might be termed 
forest edge. A forest edge may be defined as an ecotone between forest and grass or 
shrub communities. When humans settle in grassland regions, we plant trees around 
our homes, villages, and farms, so that small patches of forest become dispersed in 
what may have been treeless country. Likewise, when humans settle in a forest, we 
replace most of it with grasslands and croplands (as lesser amounts of human food 
can be obtained from a forest), but leave patches of the original forest on farms and 
around residential areas. Many of the smaller plants and animals originally found in 
both forest and grassland are able to adapt and thrive in close association with hu- 
mans, as are domestic or cultivated species. The American robin (Turdus migratorius), 
for example, once a bird of the forest, has become so well adapted to the human- 
made forest edge that it has not only increased in numbers, but has extended its geo- 
graphic range. Most forest birds (the thrushes in Europe, for example) have switched 
from the forest to gardens, cities, and hedgerows— or else they have become extinct, 
because there are no longer many tracts of unbroken forest. Most native species that 
persist in regions heavily settled by humans become useful members of the forest- 
edge landscape, but a few become pests. 

If we consider croplands and pastures as modified grasslands of early successional 
types, then we can say that we depend on grasslands for food but like to live and play 
in the shelter of the forest, from which we also garner useful wood products. At the risk 
of oversimplifying the situation, we might say that humans, in common with other 
heterotrophs, seek production and protection from the landscape. In many cases, the 
monetary value of wood, if harvested all at once, is less than the value of the intact for- 
est that provides recreation, watershed protection, and other life-support services such 
as home sites and a sustainable harvest of wood (see Bergstrom and Cordell 1991). 


Agroecosystems and Agrolandscapes 


Agroecosystems are domesticated ecosystems that are in many ways intermedi- 
ate between natural ecosystems, such as grasslands and forests, and fabricated eco- 
systems, such as cities (E. P. Odum 1997; Barrett et al. 1999). Like natural ecosystems, 
agroecosystems are solar-powered, but they differ from natural systems in several 
. ways; processed fossil fuels, along with human and animal labor, provide them with 
auxiliary energy sources that enhance productivity but also increase pollution; di- 
versity is greatly reduced by human management in order to maximize the yield of 
specific foods or other products; the dominant plants and animals are under artificial 
rather than natural selection; and control is external and goal-oriented, rather than 
internal via subsystem feedback, as in natural ecosystems. 

The simplified graphic models in Figure 9-18 depict the stages in the develop- 
ment of agriculture, namely, pre-industrial (similar to a natural ecosystem); industrial; 
and reduced-input conservation tillage (E. P. Odum and Barrett 2004). The food web in 
pre-industrial agriculture-~as still practiced in less developed countries—is very 
similar to that in natural ecosystems, with domestic animals replacing wild animals 
in the. grazing food chain. Pre-industrial agriculture is energy efficient and diverse, 
with a variety of crops grown together, including fish fed on plant residues, and it 
feeds local villages but does not produce enough surplus for export, or to feed cities. 
In industrial agricultural monocultures, frequently termed conventional agriculture 
(Fig. 9-18), the microbial recycling loop is almost eliminated and replaced by large 
subsidies of fertilizer, pesticides, and water, which increases yields but produces 
widespread pollution, erosion, and loss of habitat and soil quality. Crop and meat 
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Figure 9-18. . Agroecosystem phases. (A) Pre-industrial agriculture. (B) Industrial agricul- 
ture. (C) Low-input sustainable agriculture. IPM = integrated pest management. 
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production are decoupled with the development of feed lots, so manure becomes a 
pollutant rather than a fertilizer resource (Brummer 1998). Because industrial agri- 
culture is not sustainable, it is being redesigned along the lines of conservation till- 
age, frequently termed low-input sustainable agriculture. 

It is important that we review the history of industrial agriculture in order to gain 
perspective on current problems and research needs. The development of conven- 
tional agriculture in the midwestern United States can be described in four stages (see 
Table 2-2 for details). 

From 1833 to 1934, some 90 percent of prairie land, 75 percent of wetlands, and 
most forest land on good soils were converted to croplands, pastures, and woodlots. 
Natural vegetation was restricted to steep land and shallow, infertile soils. However, 
farms were generally small, crops diversified, and human and animal labor extensive, 
so the impact of farming on water, soil, and air quality was not deleterious overall. 
Farming in the early 1800s had little effect on watershed and lake dynamics, but the 
intensification of agriculture after about 1915 caused eutrophication of lakes, result- 
ing from an inflow of agricultural chemicals. 

From 1935 to circa 1960, an intensification of farming associated with inexpen- 
sive fuel and chemical subsidies, mechanization, and an increase in crop specializa- 
tion and monoculture occurred. Total cropland acreage decreased and forest cover 
increased 10 percent, as more food was harvested from less area by fewer farmers. 

From 1961 to 1980, energy subsidy, the size of farms, and farming intensity on 
the best soils all increased, with emphasis on continuous monoculture of grain and 
soybean cash crops, much of which are grown for export trade. These changes es- 
sentially put the small family farm out of business and created pollution that in many 
cases equaled the worst industrial pollution on a global scale. From 1980 to the pres- 
ent, rapid urbanization and increased farming intensity resulted in increased cultural 
eutrophication as agroindustrial wastes and extensive erosion brought large amounts 
of soil, heavy metals, and other toxic substances into the watershed. During the 1980s 
and 1990s, however, farming practices begin to change, with increased emphasis on 
alternative agriculture (NRC 1989) and on incteased biodiversity in agroecosys- 
tems (W. W. Collins and Qualset 1999). New major crops, such as sunflower (He- 
lianthus annuus), have helped to diversify the agricultural landscape (Fig. 9-19). The 





4 Figure 9-19. Field of sunflower (He- 
7 lianthus annuus) in the agricultural Mid- 
] west of the United States. 





Courtesy of Terry L. Barrett 
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perspective of agriculture also changed as farmers and other stakeholders viewed 
challenges and opportunities at greater temporal and spatial scales; Barrett et al. 
(1999) and Barrett and Skelton (2002) termed this an agrolandscape perspective 
rather than solely an agroecosystem perspective. 
In summary, current unsustainable industrial agriculture can be redesigned to. 
sustain soil quality and high yields by combining the new technologies of residue 
management, conservation tillage, and polyculture with the soil-building processes 
of natural ecosystems and pre-industrial agroecosystems. There is increased empha- 
sis on managing agroecosystems as agrolandscapes, with greater focus on reconnect- 
ing agricultural and urban landscapes (Barrett et al. 1999; Barrett and Skelton 2002). 
There is also increased interest in agroforestry—a practice that involves the cultiva- 
tion of small, fast-growing trees and food crops in alternate rows (MacDicken and 
Vergara 1990)—in ecologically based pest management (NRC 2000a), and in op- 
portunities to integrate soil, crop, and weed management in low-input farming sys- 
tems (Liebman and Davis 2000). 


Urban-Industrial Technoecosystems 


The concepts of the technoecosystem and the ecological footprint were introduced in 
Chapter 2. Cities, suburbs (that is, metropolitan districts), and industrial development 
zones are the major technoecosystems: They are small but very energetic islands with 
large ecological footprints in the matrix of natural and agricultural landscapes. Real- 
istically, these urban-industrial environments are parasites on the biosphere in terms 
of life-support resources (Fig. 9-20). - 

The planned cities of ancient Greece, the city-states of the Middle Ages, and the 
towering skyscrapers of contemporary cities are achievements of humankind. Tech- 
nological utopias, such as the ones designed by Walt Disney, inspire vision in some. 
Unfortunately, many cities today are in disorder and decline, as globally more people 
immigrate into cities seeking richer economic lives. The growth of cities is especially 
rapid in less developed countries. As of the year 2000, Mexico City and São Paulo, 
Brazil, already had a population of more than 25 million people each—far more than 
any city in the industrialized world, except possibly Tokyo, and approaching twice as 
many as New York City. It is predicted that by the year 2010, between 50 and 80 per- 
cent of people worldwide will be living in urban environments (see the United Na- 
tions report Mega-City Growth and the Future, edited by Fuchs et al. 1994). 

As documented in Chapter 6, anything that grows rapidly and haphazardly 
(without plan or nono and without regard to life support will outstrip the infra- 


Figure 9-20. Model illustrating the need to link 
natural, life-support ecosystems with urban-industrial 
ecosystems, including a reward-feedback loop nec- 
essary to provide for a sustainable landscape (modi- 
fied after Odum 2001; Barrett and Skelton 2002). 
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Figure 9-21. (A) Model diagram A BE i ge gi ee ee , 
depicting a home site on a stream TETI Hee 
peninsula, illustrating an increased di- 
versity of ecosystem, landscape, and 
biome habitats. (B) Photograph of res- 
_idential development located in Henry 
County near Atlanta, Georgia. 





Prare restoranon 
Prarie restorano Parkit 


forest 


3 Deciduous forest 


v 








structure necessary to maintain its growth, thereby bringing on boom-and-bust cy- 


c 
& 
S 
2 
7 
= 
[=] 
q 
© 
È 
E 
3 
=) 
> 
E 
i 
go 
= 
ee 
o 
E 
= 


cles. Citizens must engage in serious urban planning to correct this course. Most of - 


the literature dealing with the plight of the cities focuses on internal problems, such 
as deteriorating infrastructure and crime, but as Lyle (1993) pointed out, cities of the 
future will have to “embrace the ecology of the landscape, rather than set themselves 
apart.” Figure 9-21A depicts a diversified home site situated on a stream peninsula 
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surrounded by a diversity of habitat types and, consequently, recreational, resource, 
and cultural opportunities. Figure 9-21B is a photograph of a highly clustered resi- 
dential development near Atlanta, Georgia. This architectural development could be 
viewed as similar to monoculture agricultural systems in the Midwest of the United 
States. 

Figure 9-22 depicts the master conservation easement plan for the Beech Creek 
Reserve, a 26.7-acre (10.8-ha) area of land including the long-time Martha H. and 
Eugene P. Odum residence, located in Athens, Georgia. Note that more than 50 per- 
cent of this urban area is in permanent conservation easement (N,A,,) providing hab- 
itat for wildlife, watershed protection, natural privacy, and aesthetic beauty. This 
model plan illustrates how natural and economic capital can be integrated within ur- 
ban areas. 

Urban regeneration will depend more and more on reconnecting the city to the 
life-supporting land and water bodies because, as we pointed out earlier in this book, 
a parasite. prospers only if its host remains in good condition (see also Haughton and 
Hunter 1994). What we can learn from ecology about dealing with this situation will 
be discussed in Chapter 11. 
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F or the most part, in this book, we have based our approach to ecology on the 
analysis of units of the landscape as ecological systems. Principles and common 
denominators that apply to any and all situations—whether aquatic or terrestrial, 
natural or human-made—have been emphasized. The importance of the natural 
environment as the life-support module for planet Earth and of the driving force 
of energy have been stressed. In Chapters 5, 6, and 7, another useful approach was 
introduced—that of concentrating study on organisms, populations, and commu- 
nities—which describes mechanisms for evolutionary change. Still another useful 
approach is geographic, involving the study of the Earth forms, climates, and biotic 
communities that make up the ecosphere. In this chapter, we list and briefly charac- 
terize the major ecological formations (biomes) or easily recognized ecosystem types 
(Table 10-1), with an emphasis on the geographic and biological differences that 
underlie the remarkable diversity of life on Farth. In this manner, we hope to estab- 
lish a global frame of reference for Chapter 11, which deals with the human challenge 
to solve problems on a large scale. 


ee N a aa oo ee Se a EA a 
Major biomes, ecosystem types, and habitat types of the biosphere 





Marine ecosystems Open ocean (pelagic) 
Continental shelf waters (inshore waters) 
Upwelling regions (fertile areas with productive fisheries) 


Deep sea hydrothermal vents (geothermally powered 
ecosystems) 


Estuaries (coastal bays, sounds, river mouths, salt marshes) 


Freshwater ecosystems Lentic (standing water): lakes and ponds 
Lotic (running water): rivers and streams 
‘Wetlands: marshes and swamp forests 


Terrestrial biomes Tundra (arctic and alpine) 
Polar and mountaintop ice caps 
Boreal coniferous forests 
Temperate deciduous forests 
Temperate grassland 
Tropical grassland and savanna ` 
Chaparral (winter rain-summer drought regions) 
Desert (herbaceous and shrub) 


Semi-evergreen tropical forest (pronounced wet and dry 
seasons) 


Evergreen tropical rain forest 


Habitat types Mountains `- 
Caves ` 
Cliffs 
Forest-edge habitats. 
Riparian habitats 
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On land, plants are a conspicuous element composing the matrix of the land- 
scape, so ecosystem types can be identified and classified as biotic regions or bi- 
omes based on the dominant mature vegetation. In contrast, plants are very small and 
inconspicuous in most aquatic environments—especially large rivers, lakes, and 
oceans—so ecosystem types in these environments are more easily identified by phys- 
ical attributes. 

We would do well to start our world tour with the ocean, the largest and most 
stable macroecosystem. The ocean, presumably, was the first ecosystem, for life is 
now thought to have originated in the saltwater milieu. 


Marine Ecosystems 


Statement 


The major oceans (Antarctic, Arctic, Atlantic, Indian, and Pacific) and their connec- 
tors and extensions cover approximately 70 percent of the surface of Earth. Physical 
factors dominate life in the ocean (Fig. 10-1A). Waves, tides, currents, salinity, tem- 
perature, pressure, and light intensity largely determine the makeup of the biological 
communities that, in turn, have considerable influence on the composition of bottom 
sediments and gases in solution and in the atmosphere. Most important, oceans play 
a major role in shaping the weather and climate over the entire Earth. 


Explanation and Examples 


The study of the biology, chemistry, geology, and physics of the ocean are combined 
into a sort of “superscience” called oceanography, which is becoming a necessity as 
a basis for international cooperation. Although the exploration of the ocean is not 
quite as expensive as the exploration of outer space, considerable funds for ships, 
shore laboratories, equipment, and specialists are required. Most research beyond the 
seashores is, of necessity, carried out by a relatively few large institutions backed by 
government subsidies, mostly from the affluent nations. 


The Ocean 


The food chains of the ocean begin with the smallest known autotrophs and end with 
the largest of animals (giant fish, squid, and whales). Tiny green flagellates, algae, and 
bacteria—‘picoplankton’—that are too small to be captured by a plankton net are 
more important as a base for the ocean food web than the larger “net plankton” previ- 
ously believed to fill that niche (Pomeroy 1974b, 1984). Because a large portion of 
primary production is in the dissolved or particulate organic matter (DOM and POM), 
organic matter food chains are important in the open ocean. A diversity of filter feed- 
ers, ranging from protozoa to pelagic mollusks that spin mucus nets to entrap mi- 
crobes and detritus particles, provide the links between the small autotrophs and the 
large consumers. 

To fully appreciate both the promise and the problems involved in human inter- 
action with the ocean, we need to look at the contour of the ocean bottom, which is 
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also used in standard oceanographic nomenclature for the zones of the ocean. Be- 
cause there are likely to be phytoplankton under every square meter of water, and 
because life in some form extends to the greatest depths, the oceans are the largest 
threé-dimensional ecosystems. They are also biologically very diverse, because many 
of the major taxonomic groups (phyla) are found only in the ocean. 

The surprisingly high diversity and evolutionary adaptations of the deep sea 
fauna have been noted by numerous investigators. Deep sea fish are a curious lot: 
some produce their own light (lantern fish); others have a luminous-tipped movable 
spine that is used as bait to attract prey (angler fish); and many have enormous 
mouths and can swallow prey larger than themselves (viperfish, gulpers). Meals are 
few in the dark depths, but fish are adapted to make the best of their opportunities. 
Because of the lack of light (no net primary productivity) at this depth, deep sea eco- 
systems are dependent on detritus raining in from above. 


Continental Shelf Í 
Marine life is concentrated near the shore, where nutrient conditions are favorable. 
No other area has such a variety of life as the continental shelf—not even the tropi- 
cal rain forests. The inshorė zooplankton is enriched with much meroplankton (tem- 
porary or seasonal organisms that-“grow out” of the planktonic phase), consisting of 
pelagic larvae of benthic organisms (such as crabs, marine worms, and mollusks), in 
sharp contrast to freshwater and the open ocean, where most of the floating life is 
holoplankton (organisms whose entire life cycle is planktonic). Pelagic larvae have 
been shown to have a remarkable ability to locate the kind of bottom suitable for sur- 
vival as sedentary adults. When ready to metamorphose, the larvae do not settle at 
random, but only in response to particular chemical conditions of the substrate. The 
benthos has two vertical components: (1) the epifauna, organisms living on the sur- 
face, either attached or moving freely about; and (2) the infauna, which dig into the 
substrate or construct tubes and burrows (Fig. 10-1B). Benthic aggregations world- 
wide occur in what Thorson (1955) called “parallel level bottom communities” dom- 
inated by ecologically equivalent species, often of the same genus. 

The great commercial fisheries of the world are almost entirely located on or near 
the continental shelf, especially in regions of cold water upwellings (see next section 
and Fig. 10-2). Figure 10-2 also depicts the major ocean currents in both the North- 
ern and Southern Hemispheres. Relatively few species make up the bulk of the com- 
mercial fishes, including anchovies, herring, cod, mackerel, pollock, pilchard, flat- 
fishes (flounders, halibut), salmon, and tuna. It is now certain that the world catch 
has peaked, and many areas are now overfished. Fishing, especially when involving 
long-distance trawling or seining, is energy expensive. Increasing food production 
from the sea may well depend on mariculture (food or fish farming in enclosures in 
bays and estuaries). 

A recent review of marine fisheries concluded that a startling 90 percent of the 
world’s large predatory fish, including tuna, swordfish, cod, halibut, and flounder, 
have disappeared in the past 50 years. This 10-year study by Myers and Worm (2003) 
at Canada’s Dalhousie University attributed the decline to a growing demand for 
seafood, coupled with an expanded global fleet of technologically efficient boats. 

Once thought to be inexhaustible, the fisheries of the world are now showing 


-their vulnerability. The United Nations Food and Agriculture Organization (FAO) es- 


timates that three quarters of the world’s oceanic fisheries are being fished at or be- 
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Figure 10-1. The ocean. (A) The never- 
ending wave motion seen in the photo- 
graph serves to emphasize the domi- 
nance of physical factors in the open | 
ocean. (B) In many places, the bottom of 
the ocean is a relatively quiet and stable 
environment and is home to numerous 
plant and animal species. 





yond their sustainable yields. The innovations that have allowed us to pull more fish 
out of the oceans—larger and more powerful boats (some with on-deck processing 
facilities), improved fishing gear, and enhanced navigational and fish-finding tech- 
nologies—may undermine the presumed resilience of the oceans. 

Data show that once large boats target a fishery, they can deplete populations in 
a matter of years. Within 15 years, some 80 percent of the large fish are lost. Smaller 
species may initially flourish, but often their populations soon crash too, either be- 
cause of a limited food supply, overcrowding, and disease, or because they become 
targets, for those who are “fishing down the food web.” The average size of top preda- 
tory fish is now only one fifth to one half that in the past, in part because the fish that 
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are left to breed are the ones small enough to escape from nets. Another problem is 
that slow-maturing fish are often caught before they are old enough to reproduce. 

The deterioration of oceanic fisheries can be reversed. Granting fishers an own- 
ership stake in fish stocks is a way to help them appreciate that the more productive 
their fishery is, the more valuable their share. For example, fishers located in Iceland 
and New Zealand have used marketable quotas, allowing them to sell catch rights, 
since the late 1980s. The upshot is smaller: but more profitable catches, and re- 
bounding fish populations. The classic “tragedy of the commons” problem (Kennedy 
2003) is thus averted. 

Because of the complexity of marine ecosystems, some scientists are advocating 
the management of whole ecosystems rather than single species. Moreover, studies 
have shown that well-positioned and fully protected marine reserves, known as fish 
parks, can help replenish an overfished area. By giving fish a refuge to breed and ma- 
ture in, reserves can increase the size and total number of fish both in the reserve and 
in the surrounding waters. For example, a network of reserves established near Saint 
Lucia in 1995 has raised the catch of adjacent small-scale fisheries by up to 90 per- 
cent. Preservation of nursery habitats such as coral reefs, kelp forests, and coastal 
wetlands is integral to keeping fish in the sea for generations to come. 

Because of their accessibility and richness of life, seashores are the most studied 
part of the continental shelf region. No biologist, not to mention any amateur natu- 
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Figure 10-2. The major upwellings (dark areas) and ocean currents driven by the winds and 
by Earth's rotation (after Duxbury 1971). 
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ralist, considers his or her education complete without study at the seashore. As on 
mountains, communities in the intertidal zone are arranged in distinct levels. Some 
aspects of this zonation on two contrasting seashores, a sandy beach and a rocky 
shore, are shown in Figure 10-3. Ecologists who study these physically demanding 
habitats are especially impressed with the role of competition and predation (see 
Chapter 7). 

The physical energy level of breaking waves, surf, and tides is a major input fac- 
tor to which organisms must adapt. A low-energy coast with gentle water flow will be 
populated by more and different species than will a high-energy coast subject to 
strong waves. . 


Upwelling Regions 


An important process termed upwelling occurs where winds consistently move sur- 
face water away from precipitous coastal slopes, bringing to the surface cold water 
rich in nutrients that have been accumulating in the depths. Upwelling creates the 
most productive of all marine ecosystems that support large fisheries. Upwellings are 


_ located largely on western coasts, as shown in Figure 10-2. Besides fish, upwelling 


supports large populations of seabirds that deposit countless tons of nitrate- and 


phosphate-rich guano on their nesting grounds on the coastal shores and islands. Be- 


fore the industrial production of nitrogen was developed, these guano deposits were 
mined and shipped all over the world to be used as fertilizer. 
Some characteristic features of the upwelling regions are as follows: 


* There is a high concentration of nutrients and organisms; pelagic rather than de- 
mersal (bottom) fish are dominant. 


* The immense fish (and bird) populations can be attributed not only to high pro- 
ductivity but also to short food chains. Some species of crustaceans and fish that 
are carnivorous in the oceanic region become herbivorous in upwelling regions. 
Diatoms and clupeid fish dominate the short food chain. 


* Sediments deposited on the sea floor have high organic content and characteris- 

__ tic accretions of phosphate. 

e In contrast to the richness of the sea, the adjacent land area is often a coastal des- 
ert because, to have upwelling, winds must blow from land to sea (carrying away 
moisture from the land). Frequent fog, however, may support some vegetation. 


Upwelling of nutrient-rich waters also occurs up the slopes of seamounts (volcanic 


mountains that may rise thousands of feet from the bottom of the sea but without 


projection above the sea surface). Such areas are hot spots of fish abundance and di- 
versity (de Forges et al. 2000). . 


Deep Sea Hydrothermal Vents 


According to the now widely accepted continental drift theory, some of the conti- 
nents—notably Africa and South America as one pair and Europe and North Amer- 
ica as another-—were once single land masses, but drifted apart through the ages. The 
mid-oceanic ridges (Fig. 10-4) are, according to this theory, lines of former contact be- 
tween continents now thousands of miles apart. Along these ridges and elsewhere, 
spreading tectonic plates create vents, hot sulfurous springs, and seeps. These hydro- 
thermal vents support unique geothermally powered communities unlike anything 
else so far discovered in the ocean, as described and illustrated in Chapter 2 (see also 
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Figure 10-3. Transects of (A) a sandy beach (based on data from Pearse et al. 1942) and 
_ (B) a rocky shore (based on data from Stephenson and Stephenson 1952) at Beaufort, North 
Carolina, showing zones and characteristic dominant species. 
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Figure 10-4. Map of the deep sea hydrothermal vents of the world. 


Van Dover 2002; Van Dover et al. 2002). Around these vents, the food web begins 
with chemosynthetic bacteria rather than photosynthetic organisms. These bacteria ob- 
tain their energy to fix carbon and produce organic matter by oxidizing hydrogen sul- 
fide (H,S) and other chemicals. Filter- and suspension-feeding animals consume 
these bacteria in the plumes of hot water; snails and other grazers feed on the bacte- 
rial mats in the vent structures; and large tube worms and clams have evolved a mu- 
tualistic relationship with chemosynthetic bacteria that live in the animals’ tissues. 
There are also predators, such as fish and crab. As of 2002, approximately 400 new 
species have been discovered since the first vent community was found in 1977 at 
the Galapagos Spreading Center. Vent ecosystems have evolved in almost complete 
isolation from the rest of ocean life (Tunnicliffe 1992; Von Damm 2001). 

When volcanoes erupt from a stream vent under the sea floor, organisms are pro- 
pelled along the ridge, promoting the rapid colonization of new vent sites (Van Dover 


etal. 2002). Interesting enough, fauna somewhat similar to that of vent communities 


has been found on the bodies of dead whales that lie on the ocean bottom (C. R. 
Smith et al. 1989). Like huge decaying logs in the forest, this habitat fades away when 
these great carcasses are completely decomposed. 


Estuaries and Seashores 


Between the ‘oceans and the continents lies a band of diverse ecosystems. These are 
not just transition zones but have ecological characteristics of their own (they are true 
ecotones). Although physical factors such as salinity and temperature are much more 
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variable near ihe sion ihanan The ocean atselt, food is so plenutul that these regions 
are packed with nie Along the shore live thousands of adapted species that are not 
to be found in the open sea, on land, or in freshwater Two kinds of marine inshore 
ecosystems—a rocky shore and a tidal estuary dominated by salt marshes—are 
shown in Figure 10-5. 

The word estuary (from Latin aestus, “tide”) refers to a semi-enclosed body of wa- 
ter, such as a river mouth or a coastal bay, where the salinity is intermediate between 
salt- and freshwater, and where tidal action is an important physical regulator and 
energy subsidy. Estuaries and inshore marine waters are among the most naturally 
fertile in the world. Major life-forms of autotrophs are often intermixed in an estu- 


Figure 10-5. Two types of coastal A 
ecosystems. (A) A rocky share on the 
California coast, characterized by under- 
water seaweed beds, tide pools contain- 
ing colorful invertebrates, sea lions, and 
sea birds. (B) Aerial view of a Georgia 
salt marsh, showing how it is dissected 
by small feeder creeks through which 
the water flows in and out with the tide. 
Oysters live in reefs in these creeks, and 
ribbed mussels live at the creek heads. 
Blue crabs, fishes, and even bottle- 
nosed dolphins swim up the larger 
feeder creeks to forage at high tide. 
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ary and fill varying niches, maintaining a high gross production rate: phytoplankton; 
benthic microflora (algae living in and on mud, sand, rocks, and bodies or shells of 
animals), and macroflora (large attached plants, including seaweeds, submerged eel 
grasses, emergent marsh grasses, and, in the Tropics, mangrove trees). Estuaries pro- 

- vide the “nursery grounds” (places for young stages to grow rapidly) for most coastal 
shellfish and fish that are harvested not only in the estuary but offshore as well. Al- 
though estuaries and salt marshes do not support a great diversity’of species, their 
net primary productivity is very high. Indeed, some of the most productive fisheries 
occur in these ecosystem types, and both aquatic and terrestrial species select them 
as nursery grounds for their young. Organisms, have evolved many adaptations to 
cope with tidal cycles, thereby enabling them to exploit the many advantages of liv- 
ing in an estuary. Some animals, such as fiddler crabs, have internal biological clocks 
that help to time their feeding activities to the most favorable part of the tidal cycle. 
If such animals are experimentally removed to a constant environment, they continue 
to exhibit rhythmic activity synchronous with the tides. 

An estuary is often an efficient nutrient trap that is partly physical (differences in 
salinity retard the vertical but not the horizontal mixing of water masses) and partly 
biological. This property enhances the capacity of the estuary to absorb nutnents in 
wastes, provided that organic matter has been reduced by secondary treatment. Es- 
tuaries have traditionally been used as free sewage treatment areas for some coastal 
cities. Since 1970, both awareness of and research on the values of estuaries have 
greatly increased. Most states bordering estuaries in the United States have enacted 
legislation designed to protect these natural capital values. 


Mangroves and Coral Reefs 


Two very interesting and distinctive communities found in tropical and subtropical 
land-sea ecotones are mangroves and coral reefs. Both are potential “land builders” that 
help to form islands and to extend seashores. 

Mangroves are among the few emergent woody plants that tolerate the salinity of 
the open sea. A succession of species often forms a zone from open water to the up- 
per intertidal region (Fig. 10-6A). Extensive prop roots penetrate deeply into the 
anaerobic mud, bringing oxygen to its depths and providing surfaces for the attach- 
ment of clams, oysters, barnacles, and other marine animals. In Central America and 
Southeast Asia (Vietnam, for example), mangrove forests can have a biomass equal to 

` that ofa terrestrial forest. The wood is very hard and commercially valuable. In much 
of the Tropics, mangrove forests replace salt marshes.as intertidal wetlands, and they 
have many of the same values—for example, serving as nursery grounds for fish and 
shrimp (W. E. Odum and Mclvor 1990). 

Coral reefs, depicted in Figure 10-6B, are widely distributed i in warm, shallow 
waters. They form barriers along continents (such as the Great Barrier Reef of Aus- 
tralia), fringing islands, and atolls (horseshoe-shaped ridges that develop on top of 

= extinct underwater volcanoes). Coral reefs are among the most productive and di- 
. verse of biotic communities. We suggest that at least once, everyone should don 
a face mask and snorkel and explore one of these colorful and Prosperous “natural 

cities.” 

Coral reefs can prosper in nutrient-poor waters because of water flow and a large 
investment in mutualism. Coral is a plant-animal superorganism, as algae, called zoo- 
xanthellae, grow inside the tissues of the animal polyp. The animal component gets 





SECTION 3 Marine Ecosystems 423 





© Frank B. Golley 


Figure 10-6. (A) Red mangrove (Rhizophora mangle) is 
typically the outermost species found in the mangrove forest 
ecotone. Its prop roots provide a substrate for oysters and 
numerous other marine organisms. (B) Photograph of a coral 
reef, showing the branching coral structures that develop 
where currents are gentle. 
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its “vegetables” from the algae growing in its body and obtains its “meat” by extend- 

"ing its tentacles at night to fish for zooplankton in the water flowing past its limestone 

house, which the colony builds by depositing calcium carbonate from raw material 

l that is plentiful in the ocean. The plant component of this partnership gets protection 

= and nitrogen and other nutrients from the animal component. 

‘ Because humans must learn to prosper in a world of declining resources, the coral 
ecosystem serves as an example of how to efficiently retain, use, and recycle resources 
(Muscatine and Porter 1977). However, like a complex and energetic city, a finely 
tuned coral reef is neither resistant nor resilient.to perturbations such as pollution or 
a rise in water temperature. In recent years, coral reefs around the world have shown 
signs of stress that may be early warnings of global warming and oceanic pollution. 
An early sign of stress is the bleaching that occurs when the green symbiotic algae 
leave the coral animal. If the mutualism is not restored, the coral slowly dies of star- 
vation. One theory, yet to be verified, is that the coral ejects the algae, which can sur- 
vive as free-living plankton, in order to colonize a different strain that is better 
adapted to the changed environment. In other words, the bleaching is a survival strat- 
egy (Salih et al. 2000; Baker 2001). 
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2 Freshwater Ecosystems 


Statement 


Freshwater habitats may be conveniently considered in three groups as follows: 
* Standing-water or lentic (from lenis, “calm”) ecosystems: lakes and ponds; 


* Running-water or lotic (from lotus, “washed”) ecosyeens springs, streams, and 
rivers; and 


* Wetlands, where water levels fluctuate up and down, often seasonally as well as 
annually: marshes and swamps. 


Examples of lentic and lotic habitats are pictured in Figure 10-7. 

Groundwater, although a large freshwater reservoir and an essential resource for 
humans, is not generally thought of as an ecosystem because it contains little or no 
life (except sometimes bacteria). Groundwater does interconnect with all three ma- 
jor aboveground ecosystems and is thereby an important part of the input and out- 
put environments of lentic, lotic, and wetland ecosystems. 


Explanation and Examples 


Freshwater habitats occupy a relatively small portion of the surface of Earth com- 
pared with marine and terrestrial habitats, but their importance to humans is greater 
than their relative area for the following reasons: 


© They are the most convenient and cheapest source of water for domestic and in- 
dustrial needs (we can and probably will get more water from the sea, but at a 
great cost in terms of eńergy required to desalinate and the salt pollution created 
in this process). 


¢ The freshwater components are the “bottleneck” in the hydrological cycle. 


° Freshwater ecosystems, along with estuaries, provide more convenient and eco- 
nomical tertiary waste disposal systems. Almost without exception, the largest 
cities in the world are located near rivers, lakes, or estuaries that serve as free 

_ sewage treatment (in other words, located to tap natural capital, rather thani eco- 
nomic capital, to provide beneficial services to urban populations). Because this 
natural resource is so abused, a major effort to reduce this stress should come 
quickly— otherwise, water could become the limiting factor for our species. 


Water has several unique thermal properties that combine to minimize tempera- 
ture changes; thus, the range of temperature variation is smaller and temperature 
changes occur more slowly in water than in air. '. The most important of these thermal 
properties are as follows: 


e Water has its maximum density at 4° C; it expands, and hence becomes lighter, 
both above and below this temperature. This unique property prevents lakes 
from freezing solid. 


e Water has a high specific heat—that is, a relatively large amount of heat is in- 
volved in changing the temperature -of water. For example, one gram-calorie 
(gcal) of heat is required to raise the temperature of 1 milliliter (or 1 gram) of wa- 
ter by 1 degree Centigrade (between 15° and 16° C, for instance). 
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Figure 10-7. (A) Diagram depicting a lentic (pond) ecosystem. The system is composed of 
five zones (littoral, limnetic, profundal, compensation depth, and benthic). (B) A’pond depict- 
ing the littoral zone dominated by cattails (Typha). (C) A stream (lotic ecosystem) located in 
Butler County, Ohio. o . 
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* Water has a high latent heat of fusion—80 calories are required to change 1 gram 
of ice into water with no change in temperature (and vice versa). 


* Water has the highest known latent heat of evaporation—597 calories per gram 
of water are absorbed during evaporation, which occurs more or less continually 
from vegetation, water, and ice surfaces. A major portion of the incoming solar 
radiation is dissipated in the evaporation of water from the ecosystems of the 
world. This energy flow moderates climates and makes possible the development 
of life in all of its diversity. 


* Water has immense capacity to dissolve substances. 
* Water has a high thermal conductivity—that is, conducts heat rapidly. 


Lentic Ecosystems (Lakes and Ponds) 


In the geological sense, most basins that now contain standing freshwater are rela- 
tively young. The life span of ponds ranges from a few weeks or months for small sea- 
sonal or temporary ponds to several hundred years for larger ponds. Although a few 
lakes, such as Lake Baikal located in Russia, are ancient, most large lakes date back 
to the ice ages. Standing-water ecosystems may be expected to change with time at 
rates more or less inversely proportional to their size and depth. Although the geo- 
graphical discontinuity of freshwater favors speciation, the lack of isolation in time 
does not. Generally speaking, the species diversity is low in freshwater communities 
compared with marine or tropical ecosystem-types. A pond was considered in some 
detail in Chapter 2 as an example of a conveniently sized ecosystem (or mesocosm) 
for introducing the study of ecology. 

Distinct zonation and stratification are characteristic features of lakes and large 
ponds, as described and illustrated in Chapter 2. Typically, we can distinguish a lit- 


` toral zone containing rooted vegetation along the shore; a limnetic zone of open wa- 


ter dominated by plankton, a deep-water profundal zone containing only hetero- 
trophs, and a benthic zone dominated by bottom-dwelling organisms. The littoral 
and limnetic zones have a ratio of P/R > 1: the profundal zone P/R < 1; and the com- 
pensation depth P/R = 1. Life-forms in a pond include plankton (free-floating or- 
ganisms, such as diatoms), nekton (free-swimming organisms, such as fish), benthos 
(bottom-dwelling organisms, such as clams), neuston (organisms at the surface film 
of water, such as water striders), and periphyton (attached organisms, such as hydras). 

In temperate regions, lakes often become thermally stratified during summer and 
again in winter, owing to differential heating and cooling. The warmer, upper part of 
the lake, or epilimnion (from Greek limnion, “lake”), becomes temporarily isolated 


' from the cooler, deeper water, or hypolimnion, by a thermocline that acts as a bar- 


rier to the exchange of materials (Figs. 2-3C and D illustrate this zonation and strat- 
ification). Consequently, the supply of oxygen in the hypolimnion and of nutrients 
in the epilimnion may run short. During spring and fall, as the entire body of water 
approaches the same temperature, mixing occurs. Blooms of phytoplankton often 
follow these seasonal turnovers, as nutrients from the bottom become available in the 
photic zone. The photic zone is the lighted portion of a lake or ocean inhabited by 
phytoplankton. In warm climates, mixing may occur only once a year (in winter); in 


temperate biomes, mixing typically occurs twice a year (dimictic). 


Primary production in standing-water ecosystems depends on the chemical na- 
ture of the basin and on the nature of imports from streams or land (that is, inputs 
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from the watershed) and is generally inversely related to depth Accordingly, the yield 
of fish per unit of water surface area is greater i 1 shallow than in deep lakes, but the 
deep lakes may have larger individual fish. Lakes are often classified as either oligo- 
trophic (low in nutrients) or eutrophic (high in nutrients) on the basis of produc- 
tivity. Because a biologically poor lake is preferable to a fertile one from the stand- 
point of water quality for domestic use and recreation, there is a paradox. In some 
parts of the biosphere, humans are increasing its fertility to feed themselves. whereas 
in other places, they are preventing its fertility (by removing naD er Eee 
plants) to maintain what some societies traditionally have considered an aesthetic en- 
vironment. For example, a fertile green pond that can produce many fish is not al- 
ways considered a desirable swimming pool. 

" By constructing artificial ponds and lakes, termed impoundments, humans have 
changed the landscape in regions that lack natural bodies of water. In the United States, 
almost every farm now includes at least one farm pond, and large impoundments haye 
been constructed on practically every river. Much of this activity is beneficial, Rathe 
impoundment strategy of covering fertile land with a body of water that cannot yield 
much food may not always be the best long-term land use. Standing waters are gen- 
erally less efficient at oxidizing waste than are running waters. Unless the watershed 
is well vegetated, erosion may fill up an impoundment in a human generation. 

The heat budget of impoundments may differ greatly from that of natural lakes, 
depending on the design of the dam. If water is released from the bottom—as is a 
case with dams designed for hydroelectric power generation—cold, nutrient-ric 
but oxygen-poor water is exported downstream, whereas warm water 1s retained in 
the lake. The impoundment then becomes a heat trap and nutrient exporter, in con- 
trast to natural lakes, which discharge from the surface and, therefore, fur aon as hu- 
trient traps and heat exporters. Accordingly, the type of discharge greatly affects down- 
stream conditions. 


Lotic Ecosystems (Streams and Rivers) 


ally revolve around a triad of 


Differences between running and standing water gener n i 
d limiting factor in 


conditions: (1) current is much more of a major controlling ang i 
streams; (2) land-water interchange is relatively more extensive in streams, ou t- 
ing in a more “open” ecosystem and a heterotrophic type of community mieiabolism 
when the size of the stream is small; and (3) oxygen tension is generally high and 
more uniform in streams, and there is little or no thermal or chemical stratification, 
except in large, slow-moving rivers. 

The river continuum concept (Cummins 1977; Vannote et 
gitudinal changes in community metabolism, biotic diversit A , 
headwater to river mouth (see Chapter 4; Fig. 4-9), describes how biotic communi- 
ties adjust to changing conditions. In a given stretch of stream, two zones are gener- 
ally apparent: l 


al. 1980), involving lon- 
y, and particle size from 


1. A rapids zone has a current great enough to keep the bottom clear of silt or other 
loose material, thus providing a firm substrate. This zone is occupied by spe- 
cialized organisms that become firmly attached or cling to the substrate (such 
as black fly and caddis fly larvae) or, in the case of fish, that can swim against the 


current or cling to the bottom (such as trout or darters). 
rrent is reduced, so 


2. A pool zone has deeper water, where the velocity of the cu 
r burrowing and 


that sand and silt settle, providing a soft bottom favorable fo 
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swimming animals, rooted plants, and, in large pools, plankton. In fact, the com- 
munities of pools in large rivers resemble those of ponds. 


Rivers in their upper reaches are generally eroding; they cut into the substrate, so 
a hard bottom predominates. As rivers reach base level in the lower reaches, sedi- 
ments are deposited and floodplains and deltas that are often extremely fertile are 
built up. In terms of the chemical composition of the water, lotic systems can be di- 
vided into two types: (1) hard-water or carbonate rivers, with 100 or more ppm dis- 
solved inorganic solids; and (2) soft-water or chloride rivers, with less than 25 ppm 
dissolved solids. The water chemistry of carbonate rivers is controlled largely by rock 
weathering, whereas atmospheric precipitation is the dominant factor in chloride 
rivers. Humic or black-water streams, with high concentrations of dissolved organic 
material, represent still another class of streams that are found in warm lowlands. 
Several studies and reviews of the food-chain energetics of streams, with emphasis on 
fish, have been compiled by, for example, Cummins (1974), Cummins and Klug 
(1979), and Leibold et al. (1997). 

Springs hold a position of importance as study areas that is far out of proportion 
to their size and number. Some of the classic whole-system studies on springs, for ex- 
ample, are on the large limestone springs located in Florida (H. T. Odum 1957), the 
small cold-water springs located in New England (Teal 1957), and the hot springs lo- 
cated in Yellowstone (Brock and Brock 1966; Brock 1967). 


Freshwater Wetlands 


A freshwater wetland is defined as any area covered by shallow freshwater for at 
least part of the annual cycle; accordingly, wetland soils are saturated with water con- 
tinually or for part of the year. The key factor that determines the productivity and 
species composition of the wetland community is the hydroperiod—that is, the pe- 
riodicity of water-level fluctuations. Freshwater wetlands can thus be classified as 
“pulse-stabilized, fluctuating water level ecosystems,” as are intertidal marine and es- 
tuarine ecosystems. ` 

Wetlands tend to be very open systems and can be cortveniently classified ac- 
cording to their interconnections with deep water or upland ecosystems, or both, as 
follows: 


* Riverine wetlands are located in low-lying depressions (oxbows) and flood- 
plains associated with rivers. The bottomland hardwood forests on the flood- 
plains of large rivers are among the most productive of natural ecosystems, as are 
the freshwater tidal marshes along the lower reaches of large rivers in the Coastal 
Plains of the United States. 


° Lacustrine (from lacus, “lake”) wetlands are associated with lakes, ponds, or 
dammed river channels. They are periodically flooded when these deeper bodies 
of water overflow. l : 


* Palustrine (from palus, “marsh”) wetlands include what are variously called 
marshes, bogs, fens, wet prairies, and temporary ponds that occur in depres- 
sions not directly connected with lakes or rivers (although they may be in old 
riverbeds or filled ponds or lake basins). Fen wetlands are only slightly acidic and 
are typically dominated by sedges, whereas bog wetlands are very acidic, charac- 
terized by accumulation of peat, and dominated by sphagnum moss. Such wet- 
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lands are widely scattered across the landscape, especially in formerly glaciated 
regions. They are generally vegetated with various submerged aquatic macro- 
phytes, emergent marsh plants, and shrubs. Palustrine marshes, dominated by 
emergent herbaceous vegetation, are often a prime breeding habitat for waterfowl 
and other aquatic or semiaquatic vertebrates. Wetlands dominated by woody veg- 
etation or forested wetlands are commonly called swamps in the United States. 
A deep water swamp dominated by bald cypress (Taxodium distichum), tupelo 
(Nyssa sylvatica), and swamp oak (Quercus bicolor) is an example. 


Although wetlands occupy only about 2 percent of the surface area of Earth, they 
are estimated to contain 10 to 14 percent of the carbon (Armentano 1980). Wetland 
soils, such as the histosols, may contain up to 20 percent carbon by weight, and of 
course the peats are even more carboniferous. Draining of wetlands for conversion to 
agriculture releases large quantities of CO, to the atmosphere, thus contributing to 
the “CO, problem” (see Chapter 4). The aerobic-anaerobic stratification of wetland 
sediments (including saltwater marshes) is also important out of proportion to their 
area for the part they play in the global cycling of sulfur, nitrogen, and phosphorus 

as well as carbon. Figure 10-8 summarizes key aspects of microbial decomposition 


-and recycling in wetland and shallow marine sediments. 





During the latter part of the twentieth century, public attitudes toward wetlands 
changed dramatically as ecological and economic studies revealed previously unrec- 
ognized values. No longer are wetlands always viewed as wastelands to be destroyed 
or modified. Although some progress has been made in preservation, especially of the 
coastal wetlands, much remains to be done in the legal and political arenas. 

It is significant that rice culture, one of the most productive and dependable of 
agricultural systems yet devised by humans, is actually a type of freshwater marsh 
ecosystem. The flooding, draining, and careful rebuilding of the rice paddy each year 
has much to do with the maintenance of the continuous fertility and high production 
of the rice plant, which itself is a kind of cultivated marsh grass. This flooding pro- 
cess is similar to the hydroperiod (duration, frequency, and depth) of natural wet- 
lands. The hydroperiod influences seed germination, plant composition, and pro- 
ductivity of wetland ecosystems. 
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Figure 10-9. (A) A wetland forest lo- 
cated in Okefenokee Swamp, Georgia. 
Freshwater marsh in the foreground, with 
the swamp forest in the background. 
(B) Acypress tree swells at the base and 
develops “cypress knees’ in response to 
frequent flooding. 





Forested Wetlands 


Swamp and floodplain forests occur in river bottoms, often intermixed with marshes, 
especially where large rivers cross coastal plains. They are also found in large de- 
pressions (see Okefenokee Swamp, Fig. 10-9A), lime sinks, and other low-lying ar- 
eas that are flooded at least some of the time. As with marshes, hydrology plays a ma- 
jor role in determining species composition and productivity. Bald cypress (Taxodium 
distichum) and water tupelo (Nyssa aquatica) are the trees best adapted to flooding, 
whereas bottomland hardwoods (lowland species of oak, ash, elm, and gum) do best 
where flooding is pulsed, as on floodplains. The knees of bald cypress trees conduct 
air from the atmosphere to roots when a swamp is flooded and the waterlogged sed- 
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iments contain little or no tree oxygen (Fig. 10-9B). The greatest productivity occurs 
where the soil surface is flooded in winter or spring and is relatively dry during most 
of the growing season. 


Tidal Freshwater Marshes 


In low-lying coastal plains, tides extend inland on large rivers. For example, meter- 
amplitude tides occur on the Potomac River beyond Washington, D.C., and on the 
James River as far inland as Richmond, Virginia, creating a unique habitat of fresh- 
water wetland. The biota benefit from the tidal pulses but do not have to contend 
with salt stress. Fleshy, low-fiber vegetation is produced in freshwater tidal marshes in 
summer, which then decomposes back to mud in winter, in contrast to salt marshes 





Courtesy of Lawrence Pomeroy 


Figure 10-10. Freshwater and salt- C 
water tidal marshes. (A) A northern salt 
marsh, located in Tuckerton, New Jersey, 
dominated by Spartina alterniflora. Open 
areas of standing water on the high 
marsh are typical. (B) Low tide on a tidal 
creek in a Georgia salt marsh. The bare 
mud banks are covered by a “secret gar- 
den’ of microscopic algae~—so small that 
they are visible only as a brown film over 
the gray mud-which are a major base 
of the estuarine food chain consisting of 
benthic microinvertebrates, shrimp, and 
fishes. The tall grass, Spartina alterni- 
flora, on the higher marsh is grazed only 
by afew insects, so it mostly dies in place 
and is.the basis of a detritus food chain. 
(C) A freshwater tidal marsh with cy- 
press trees bordering on the Alta- 
maha River, Georgia. Marsh soils deni- 
trify much of the nitrogen that enters the 
river upstream from cities and agricul- 
tural landscapes. 
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where the more fibrous marsh grass remains standing all year round (Figs LO-10A 
and B) The anaerobic microbial populations are dominated by sulfide reducers in salt 
marshes and by methane producers in freshwater marshes (Fig. 10-10C). In general, 
primary production in salt marshes culminates in aquatic animals, such as fish, 
shrimp, and shellfish. In contrast, animals in freshwater tidal marshes tend to bé 
semi-aquatic amphibians, reptiles (alligators), birds (ducks, herons, and other wad- 
ers), and furbearers. For further comparisons of these two marsh ‘types, see W. E. 
Odum (1988). 


3 Terrestrial Biomes 


Statement 


` F. E. Clements and V. E. Shelford (1939) introduced the biome concept as a classifi- 
cation of world vegetation patterns. They considered the biome concept to include 
both the major plant formations and their associated animal life as a biotic unit or 
level of ecological organization. Biome is typically defined as a major regional ecolog- 
ical community of plants and animals. We define biome as the level of organization 
between the landscape and global (ecosphere) levels of organization (see Fig. 1-3). 

Before the biome concept became widely accepted by ecologists, C. Hart Merriam 
developed a life zone classification. His life zone concept (C. H. Merriam 1894) was 
based on the relationship between climate and vegetation, and was best applied to 
mountainous regions, where temperature changes accompany both changes in alti- 
tude and vegetation. 

Other methods of classification include Whittaker’s (1975) patterns of world plant 
formations, based on the relationship of mean annual temperature to mean annual 
precipitation (Fig. 10-11). Whittaker plotted the boundaries of major vegetation 
types with respect to average temperature and precipitation in climates between 
those of forest and desert community types. He suggested that factors such as fire, 
soil, and climatic seasonality determine whether grassland, shrubland, or woodland 
develops as a major community type. 

Holdridge (1947, 1967) presented a more detailed and sophisticated approach 
to the relationship of vegetation to climate (Fig. 10-12). The Holdridge life zone 
system, used for classifying plant formations, is determined by a gradient of mean 
annual biotemperatures with dimensions of latitude and altitude, the ratio of poten- 
tial evapotranspiration to annual precipitation, and total annual precipitation. There 
are three levels of classification within the Holdridge system: climatically defined life 
zones; subdivisions of life zones. termed associations, based on local environmental 
conditions; and local subdivisions based on actual cover or land use. Holdridge de- 
fined an association as a unique ecosystem type or natural unit of vegetation, often 
dominated by particular species, thus providing a relatively uniform species com- . 
position. The Holdridge life zone: classification differs from other classifications in 
that it specifically defines a relationship between climate and vegetation (ecosystem) 
distribution. 

Another classification for mapping the biotic world is the concept of the ecoregion 
developed by Bailey (1976, 1995, 1998). Ecoregions are defined as ecosystems based 
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Figure 10-11. Whittaker's (1975) patterns of world plant formations, based on the rela- 
tionship of mean annual precipitation (cm) to mean annual temperature (° C). 


on a continuous geographic or landscape area across which the interactions of cli- 
mate, soil, and topography are sufficiently uniform to permit the development of sim- 
ilar types of vegetation. Classification units include domains, divisions, and provinces. 
An advantage of the ecoregion concept is that it embraces both the terrestrial and the 
oceanic (see Bailey 1995 for a description and hierarchy of the ecoregions of North 
America). Because all systems operate within the hierarchy of larger systems, a knowl- 
edge of larger systems allows ecologists to better understand the smaller systems. An 
understanding of this hierarchy gives ecologists a higher degree of predictability re- 
garding land-use management and natural resource development. 

Students of ecology need to be familiar with an array of large-scale classification 
systems depending on their descriptive and sampling needs. We have elected to fo- 
cus on the biome concept to illustrate climatic climax vegetation. The biome concept 
is especially important because it encompasses both major plant and animal rela- 


‘tionships at larger scales. 


Explanation and Examples 


The life-form (grass, shrub, deciduous tree, coniferous tree, and so on) of the cli- 
matic climax vegetation is the key to delimiting and recognizing terrestrial biomes. 


Thus, the climax vegetation of the grassland biome is grass, although the species vary 


topographically in different parts of the biomes and on different continents. The cli- 
matic climax vegetation is the key to classification, but edaphic climaxes and devel- 
opmental stages that may be dominated by other life-forms are an integral part of a 
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Figure 10-12. The Holdridge life zone classification system for classifying plant formations 
and associations. (Reprinted from diagram based on Holdridge, L. R. 1967. Determination of 
world plant formations from simple climatic data. Science 130:572. Copyright 1967 AAAS.) 


biome. For example, grassland communities may be developmental stages in a forest 
biome, and riparian forests may be part of a grassland biome. 

Mobile animals help to integrate different vegetation strata and stages. Birds, 
mammals, reptiles, and many insects move freely between subsystems and between 
developmental and mature stages of vegetation, and migratory birds move season- 
ally between biomes on different continents. In many cases, life histories and sea- 
sonal behavior are organized so that a given animal species will occupy several— 
often quite different—vegetative types. Large mammalian herbivores— deer, moose, 
caribou, antelope, bison, domestic bovine—are a characteristic feature of terrestrial 
biomes. Many of these herbivores are ruminants, which possess a remarkable nutrient- 
regenerating microecosystem (microcosm): the rumen, in which anaerobic micro- 
organisms can break down and enrich the lignocellulose that constitutes a large part 
of terrestrial plant biomass. Likewise, the detritus food chain, featuring fungi and soil 
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decomposer animals, is a major energy flow pathway, as is the mutualism between 
plant roots and mycorrhizae, nitrogen fixers, and other microorganisms. 

The biomes of the world are shown in Figure 10-13A, and the major biomes of 
North America are depicted in Figure 10-13B. Climographs for six major biomes are 
compared in Figure 10-14. l 

During the 1970s, and continuing into the 1980s, several of the major biomes 
(grassland, temperate deciduous forest, northern coniferous forest, tundra, and 
desert) were subjected to interdisciplinary team research as part of the U.S. contri- 
bution to the International Biological Program (IBP; for a general review of this pro- 
gram, see Blair 1977; Loucks 1986). Ecosystem- and landscape-level research. spon- 
sored by the National Science Foundation’s Long-Term Ecological Research (LTER) 
program has continued on many of the IBP sites (see Callahan 1984; Hobbie 2003; 
for details regarding the LTER research sites). 

In terms of flora and fauna, biogeographers divide the world into five or six 



































Ci Tundra 







emperate grassland 





EE Northern conifer forest (taiga) WB Desert : 
] Temperate deciduous & rain forest EE Tropical rain forest Mountains (complex zonation) 











EE Chaparral (J Tropical scrub forest 
£24 Tropical grasslands & savanna 





EES Tropical deciduous forest (“J Ice 


Figure 10-13. (A) Major biomes of the world. Several biomes in different parts of the world 
may be isolated in different biogeographical regions and, therefore, may be expected to have 
ecologically equivalent but often taxonomically unrelated species. (B) Schematic map of the 
major biomes of North America. my (continued) 
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Figure 10-14. Distribution of six major biomes in terms of mean annual temperature and 
mean annual rainfall. (From the National Science Foundation.) 
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major regions that correspond roughly te the major vonunents Australia and south 
America are the most isolated regions. Accordingly, ecologically equivalent species in 
biomes on these continents can be expected to be taxonomically quite different (see 
Chapter 7). 


Tundra—Arctic and Alpine 


Between the forests to the south and the polar ice caps to the north lies a circumpo- 
lar band of about 5 million acres (>2 million ha) of treeless country (Fig. 10-15). 
Smaller but ecologically similar regions found above tree limitation altitudes on high 


Figure 10-15. Two views of the Tun- A 
dra in July on the Coastal Plain near the 
Arctic Research Laboratory, Point Bar- 
row, Alaska. (A) A broad swale at the 
head of a stream about 3 kilometers from 
the coast, dominated by Arctic grass 
(Dupontia fischeri) and sedge (Carex 
aquatilis) rooted in a peaty layer of half- - 
bog soil, This area is frequently regarded 
as Climax on low tundra sites near the 
coast. Note the sample quadrats and 
an exclosure (fenced area) to keep out 
lemmings. (B) A site about 16 kilome- 
ers inland, showing characteristic po- 
lygonal ground; ice wedges underly- 
ing the troughs contribute to the raised 
polygons. The white fruits seen in the 
foreground are cottongrass (Eriopho- 
rum scheuchzeri). 
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mountains. even in the [ropics, are termed alpine tundra. In both North America 
and Eurasia, the boundary between tundra and forest lies farther north in the west. 
where the climate is moderated by warm westerly winds. 

Low temperatures and short growing seasons are the major limiting factors to life 
in the Tundra; precipitation may also be low but is not limiting because of the low 
evaporation rate. All but the upper few centimeters of ground remain frozen during 
the summer. The permanently frozen deeper soil is called permafrost. The Tundra 
is essentially a wet arctic grassland, with vegetation consisting of grasses, sedges, 
dwarf woody plants, and lichens (“reindeer moss”) on drier locations. Low tundra 
(as on the Alaskan Coastal Plain) is characterized by a thick, spongy mat of living and 
very slowly decaying vegetation, often saturated with water and dotted with ponds 
on which numerous species of migratory shorebirds and other waterbirds breed dur- 
ing the short summer. High tundra, especially where there is considerable relief, 
is covered by a much scantier growth of lichens and grasses. Although the growing 
season is short, the long sunny photoperiods allow a respectable amount of primary 
production (up to 5 grams dry matter/day) at favorable sites such as Point Barrow, 
Alaska. 

Combined aquatic (including fertile arctic waters) and terrestrial productivity 
supports not only large numbers of migratory birds and insects during the open sea- 
son but also permanent residents that remain active throughout the year. Large ani- 
mals, such as-musk ox, caribou, reindeer, polar bears, wolves, foxes, and predatory 
birds, such as the snowy owl, along with lemmings and other small animals that tun- 
nel about in the vegétation mantle, are some of the permanent residents. The large 
animals are highly migratory, whereas many of the smaller animals “cycle” in abun- 
dance, as described in Chapter 6, because there is not enough net production in any 


.one area to support them all the year round. Where humans “fence in” the animals 


or select nonmigratory strains for domestication, as with domestic reindeer, over- 
grazing is inevitable, unless rotation of pastures is employed to substitute for migra- 
tory behavior. The special fragility of the Tundra needs to be recognized as mineral 
exploitation and other human impacts increase; the thin living mat is easily broken 
and is slow to recover. The building of the Alaskan pipeline provided many object 
lessons. Pressures continue from the oil industry to drill for oil in the 19.8 million 
acres (7.9 million ha) of the Arctic National Wildlife Refuge as we move into the 
twenty-first century. 


Polar and High-Mountain Ice Caps 


Ice caps are extreme environments, but they are not quite lifeless. Green ice algae and 
a variety of heterotrophic microorganisms live in and under the ice. Survival under 
these conditions requires a complex suite of physiological and metabolic adaptations, 
which suggests that there may be similar life-forms on ice-covered extraterrestrial 
bodies (Thomas and Dieckmann 2002). Under the Antarctic ice cap, there are un- 


` frozen lakes that are known tò contain microorganisms. One such lake, known as 


Lake Vostok, lies 4000 meters below the ice cap surface and as of 2002 has yet to be 
explored (Gavaghan 2002). 
All the highest mountains of Earth, even in the Tropics (such as Mount Kiliman- 


_ jaro located in Africa), have permanent ice caps that contain similar microbial life. 


The mountaintop ice caps have an additional source of energy in the form of detritus 
blown up by the wind from the vegetation below the cap. Swan (1992) suggested that 
these ice caps be termed the “Aeolian biome’ (from aeolus, “wind”). 
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A record of past climates can be obtained from cores drilled in the polar regions. 
Humanity, of course, has a vital interest in polar ice caps, because if they melted, the 
sea would rise, to the detriment of at least half the world’s human population. 


Northern Coniferous Forest Biomes 


Stretching as broad belts all the way across both North America and Eurasia are the 
vast northern evergreen forest regions. This biome is also frequently termed the Taiga 
or the Northern Circumpolar Boreal Forest. Extensions occur in the mountains, 
even in the Tropics. The identifying life-forms are the coniferous, needle-leaved tree 
species, especially evergreen spruce (Picea), fir (Abies), and pine (Pinus), as well as the 
deciduous, coniferous larch (Larix). A dense shade thus exists the year around, often 
resulting in poor development of shrub and herb layers. However, the continuous 
blanket of chlorophyll results in a fairly high annual production rate despite low tem- 
peratures during half of the year. The coniferous forests are among the great lumber- 
producing regions of the world. Coniferous needles decay very slowly, and the soil 
develops a highly characteristic podzolic profile. The soil may contain a fair popula- 
tion of small organisms, but few larger ones compared with deciduous forest or grass- 
land soils. Many of the larger, herbivorous vertebrates, such as the moose, snowshoe 
hare, and grouse, depend, at least in part, on broad-leaved developmental commu- 
nities for their food. The seeds of the conifers provide essential food for many ani- 
mals, such as squirrels, siskins, and crossbills. 

As in the Tundra, seasonal periodicity in the Taiga is pronounced, and popula- 
tions tend to pulse or cycle. Coniferous forests are also subject to outbreaks of bark 
beetles and defoliating insects (such as sawflies and budworms), especially where 
stands have only one or two dominant species. However, as noted in Chapter 6, such 
outbreaks are part of the continuous cycle of development to which coniferous for- 
est ecosystems are adapted. 

Coniferous forests of a distinctive type occur along the West Coast of North 
America from central California to Alaska, where temperatures are higher, seasonal 
range is relatively small, and the humidity is very high (Fig. 10-16). Although dom- 
inated by conifers, these forests are quite different florally from the northern conifer- 
ous forest. Accordingly, these “temperate rain forests,” as they are often known, could 
well be considered a separate biome (see Fig. 10-13B). 

Western hemlock (Tsuga heterophylla), western arborvitae (Thuja plicata), grand 
fir (Abies grandis), and Douglas fir (Pseudotsuga menziesii) —the latter on drier sites or 
subclimax on wet sites—are the four most dominant trees in the Puget Sound area, 
where the temperate rain forest reaches its-greatest development. Southward, the 
magnificent coastal redwoods (Sequoia sempervirens) are found, and northward, the 
Sitka spruce (Picea sitchensis) is prominent. Unlike the drier and more northern co- 
niferous forests, the understory vegetation is well developed wherever any light fil- 
ters through; mosses and other moisture-loving lesser plants are abundant. Epiphytic 
mosses are the ecological equivalent of the epiphytic bromeliads of moist tropical for- 
ests. The standing crop of producers is indeed impressive, and as can be imagined, 

- the production of lumber per unit area is potentially very high if the harvest regen- 
eration and nutrient cycles can be maintained. As with all ecosystems in which such 
a large percentage of nutrients may be tied up in the biomass, overexploitation may 
reduce future productivity. ; 

Other subdivisions of the northern coniferous forest biome that could be consid- 
ered separate biomes are the pifion-juniper woodland, or “pygmy conifers,” and the 
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Figure 10-16. Three kinds of coniferous forests. (A) A high-altitude forest of Engelmann — 
spruce and subalpine fir in Colorado. Note the large amount of litter that accumulates because 
of low temperatures and long seasonal periods of snow cover. (B) A spruce forest in Idaho with 
one of its chief developmental stages, aspen, a broad-leaved species whose leaves turn golden 
yellow in the fall (light-colored stand, left and center of the photograph). (C) An example of a 
moist coniferous forest, often termed temperate rain forest, in Humboldt County, California. Note 
the large size of the trees and luxuriant ground cover of ferns and other herbaceous plants. 





ponderosa pine (Pinus ponderosa) forests that occur at intermediate altitudes between 
the grassland and spruce zones located in Colorado, Utah, New Mexico, and Arizona. 
These stands are generally open and have a considerable amount of herbaceous 
growth, especially where fire is part of the environment. 


Temperate Deciduous Forests 


Deciduous forest communities (Fig. 10-17) occupy areas with abundant, evenly dis- 
tributed rainfall—30 to 60 inches (75 to 150 cm)—-and moderate temperatures that . 
have a distinct seasonal pattern. Temperate deciduous forests originally covered east- 
ern North America, most of Europe, and part of Japan, Australia, and the tip of South 
America. Deciduous forest biomes are thus more isolated from one another than the 
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Tundra and northern coniferous forests, and their species composition will, of course, 
reflect this degree of isolation. The contrast between winter and summer is great, be- 
cause the trees and shrubs are without leaves for part of the year. Herb and shrub lay- 
ers of stratification tend to be well developed, as are the soil biota. Many plants pro- 
duce pulpy fruits and nuts, such as acorns and beechnuts. Animals of the original 
forest of North America included the white-tailed deer, bear, gray and fox squir- 
rels, gray and red foxes, bobcat, and wild turkey. The red-eyed vireo, wood thrush, 
tufted titmouse, ovenbird, and several species of woodpeckers are characteristic 
small birds of the mature stages. The development of temperate deciduous forests in- 
volves lengthy ecological successions, as reviewed in Chapter 8. Transient grassland 
or old-field vegetation is characteristic of early seral stages, and pines are often prom- 
inent in intermediate and edaphic stages, especially in the southeastern United States. 

The deciduous forest biome is a crucial biotic region of the world, because West- 


Courtesy of Gary W. Barrett 





Figure 10-17. (A) A virgin stand of deciduous temperate C 
forest in Hueston Woods State Park, near Oxford, Ohio. This 
American beech-sugar maple (Fagus grandifolia—Acer sac- 
charum) climax forest appears rather open due to the heavy 
top canopy. (B) An excellent stand of mixed hardwoods (oak- 
hickory-poplar) located in Anne Arundel County, Maryland. 
Note the underbrush cover. (C) A remnant, virgin longleaf 
pine (Pirtus palustris) forest located near Thomasville, Geor- 
gia. Frequent controlled burning has maintained the open, 
park-like condition and prevents the invasion of fire-tender 
hardwood trees. 


id 


Courtesy of Eugene P. Odum 






Courtesy of Tal! Timbers Research Station 





442 CHAPTER 10 Regional Ecology 


ern civilization has achieved extensive development in these areas. This biome is there- 4 
fore greatly modified, and much of it has been replaced by cultivated and forest-edge 4 
communities. f d 

The deciduous forest biome of North America has many important subdivisions 
which have different mature forest types. Some of these are, 


* The beech-maple forest of the north central region. 
‘© The maple-basswood forest of Wisconsin and Minnesota. 
® The oak-hickory forest of the western and southern regions. 


© The oak-chestnut forest of the Appalachian Mountains (currently an oak forest be- 7 
cause the chestnut was wiped out by fungus diseases). 


* The diverse mixed mesophytic forest of the Appalachian plateau. 


* The pine edaphic forest of the southeastern coastal plain, maintained by fire and 
nutrient-poor sandy soils where evergreen forests have a competitive advantage 
over deciduous forests. 


Each of these has distinctive features, but many organisms, especially the larger 
animals, range through two or more of these subdivisions. Deciduous forests of west- 
ern Europe have relatively few species (diversity premixed mesophytic type, not gla- 
ciated), and comparable forests in eastern Asia are the richest in species of the tem- 

` perate forests of the world. 


Harvesting the Forests 


Timber production and the practice of forestry pass through two phases. The first 
phase involves the harvest of net production that has been stored as wood over a pe- 
tiod of many years. When this accumulated old growth of the past has been used up, 
we must adjust forestry practice to harvest no more than the annual growth if we ex- 
pect.to have wood products in the future. In much of the western United States, the 
first phase is still under way; that is, the annual timber harvest exceeds the annual 
growth. In contrast, the second phase has been reached in much of the eastern United 
States. Most of the old timber has been cut; hence, forestry practices are increasingly 
concerned with young forests, where the harvest now balances or is less than the an- 
nual growth. Globally, outside of the tropical forests, forest cover and growth are.on 
the increase (see review by Moffat 1998b). 

Although the annual net production in a young forest is often greater than that of 
an old forest, the quality of the wood for lumber use is not as high, because the wood 
of fast-growing young trees is not as dense as that of slow-growing older trees. As in 

~ so Many situations, the dichotomy between quantity and quality has to be recognized; 
rarely can we have both. How timber is cut may depend on how timber is taxed. If 
standing timber is taxed on its market value each year, the owner (an individual or a 
timber company) is encouraged to harvest early in order to reduce taxes. If, on the 
other hand, the timber is not taxed until it is cut (and revenue obtained), there is an 
incentive to let the stand grow higher-quality wood. 

In recent years, a controversy has been raging over massive clear-cuts of old 
growth forests in the Pacific Northwest, especially in the national forests. Jerry Frank- 

` Tin of the University of Washington is a spokesperson for a new generation of forest- 
ers who advocate managing a forest not just as a wood production system, but as a 
complex ecosystem with multiple uses and values, including watershed protection 
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and life support. Reducing soil disturbance, leaving logs and debris in the forest, leav- 
ing uncut buffers along streams, leaving seed trees in stands being harvested, and ar- 
ranging clear-cuts so as to provide corridors for animal use are some of the proce- 
dures being suggested. All of these ideas provide alternatives to the “stark choice 
between tree farms and total preservation” (Franklin 1989). 


Temperate Grasslands 


Temperate grasslands occur where rainfall is intermediate between that of desert 
lands and that of forest lands—that is, where annual precipitation is between 10 and 
30 inches (25 to 75 cm), depending on temperature, seasonal distribution of the rain- 
fall, and the water-holding capacity of the soil. Soil moisture is a key factor, especially 
because it limits microbial decomposition and recycling of nutrients. Large grassland 
areas occupy the interior of the North American and Eurasian continents, southern 
South America (the Argentine pampas), and Australia. 

In North America, the grassland biome is divided into east-west zones of tallgrass, 
mixed-grass, short-grass, and bunch-grass prairies. These zones are determined by 
the rainfall gradient, which is also a gradient of decreasing primary productivity. 
Some of the important perennial species, classified according to the height of the 
aboveground parts, are as follows: 


* Tallgrasses (2-3 meters)—big bluestem (Andropogon gerardii), switchgrass (Pa- 
nicum virgatum), Indian grass (Sorghastrum nutans), and, in the bottomlands, 
sloughgrass (Spartina pectinata). - 

* Midsize grasses (1-2 meters)—little bluestem (Andropogon scoparius), needlegrass 

` (Stipa spartea), dropseed (Sporobolus heterolepis), western wheatgrass (Agropyron 
smithii), June grass (Koeleria cristata), and Indian ricegrass (Oryzopsis hymenoides). 


* Short grasses (0.1-0.5 meters)—buffalo grass (Buchloe dactyloides), blue grama 
(Bouteloua gracilis), other gramas (Bouteloua spp.), the introduced bluegrass (Poa 
spp.), and cheat grass (Bromus spp.). 


The roots of most species penetrate deeply (up to 2 meters), and the mass of roots 
of healthy climax perennials will be several times that of the aboveground parts. The 
growth form of the roots is important. Some of the aforementioned species—for ex- 
ample, big bluestem, buffalo grass, and wheatgrass—have underground rhizomes 
and are thus sod formers. Other species—such as little bluestem, June grass, and 
needlegrass—are bunch grasses, which grow in clumps. These two life-forms may be 
found in all zones, but bunch grasses predominate in the drier regions, where grass- 
land grades into desert. i 

Forbs (nongrass herbs, such as composites and legumes) generally constitute 
only a small part of the producer biomass in climax grasslands, but they are consis- 
tently present. Certain species are of special interest as indicators of stress. Increased 
grazing or drought, or both, tends to increase the percentage of forbs, which are also 
prominent in early seral stages. Secondary succession in the grassland biome and the 
rhythmic changes in vegetation during wet and dry cycles were described in Chap- 
ter 8. The automobile traveler through the middle of the United States should bear in 
mind that the conspicuous annual forbs at the roadsides, such as the Russian thistle 
“tumbleweed” (Salsola kali) and sunflowers (Helianthus spp.), owe their luxuriance to 
the continual disturbance of the soil by highway maintenance machinery. 

Very extensive areas of grassland, especially the tallgrass prairies, have now been 
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replaced by grain agriculture or cultivated pastures or have been invaded by woody 
vegetation. Original or virgin tallgrass prairie is difficult to find, and where preserved 
for study (as in the University of Wisconsin Arboretum and the Konza Prairie LTER 
site; Fig. 10-18), it must be burned to preserve its prairie character. 

A well-developed grassland community contains species with different temper- 
ature adaptations—one group growing in the cool part of the season (spring and | 
fall) and another in the hot part (summer). The grassland as a whole “compensates” : 
for temperature fluctuations, ¢hus extending the period of primary production. The ` 
role of the C, and C; types of photosynthesis in this adaptation was discussed in 
Chapter 2.- i 

` The grassland community builds an entirely different type of soil than that of a 
forest, even when both start with the same mineral parent material. Because grass 
plants are short-lived compared with trees, a large amount of organic matter is added 
to the soil. The first phase of decay is rapid, resulting in little litter but much humus 
—in other words, humification is rapid, but mineralization is slow. Consequently, 
grassland soils may contain 5 to 10 times as much humus as forest soils. The dark, 
humus-rich grassland soils of lowa, for example, are among those best suited for the 
growing of corn, wheat, and other grains, which, of course, are species of cultivated 
grasses. 

Fire helps maintain grassland vegetation in competition with woody vegetation in 
warm or moist regions, such as the longleaf pine (Pinus palustris) and wiregrass (Aris- 
tida stricta) savanna located in the Coastal Plains of the southeastern United States 
(Fig. 10-19). Large herbivores are a characteristic feature of grasslands. The ecologi- 
cal equivalence of bison, pronghorn, and kangaroos in grasslands exists in different 
biogeographical regions. The mammalian grazers come in two “life-forms”—running 
forms, such as those just mentioned, and burrowing types, such as ground squirrels 
and prairie dogs. l 

When natural: grasslands become pasture, the native grazers are replaced by do- 
mestic species (such as cattle, sheep, and goats). Because grasslands are adapted to 
heavy energy flow along the grazing food chain, such a switch is ecologically sound. 
However, humans persistently suffer from the “tragedy of the commons” by allowing 





Figure 10-18. Konza Prairie, a 3487- 
hectare native tallgrass. prairie, located 
in the Flint Hills region of northeast- 
ern Kansas, is dominated by perennial, 
` warm-season grasses such as big blue- 
stem, little bluestem, Indian grass, and 
switchgrass, frequently reaching 2.5 me- 
ters in height. 


Courtesy of Donald W. Kaufman 


SECTION 3 Terrestrial Biomes 445 


Figure 10-19. A prescribed fire in 
longleaf pine (Pinus palustris) and wire- 
grass (Aristida stricta) savanna located 
in southwestern Georgia. The dominant 
species are among the most fire tol- 
erant in North America. Burning elimi- 
nates invasive deciduous tree seedlings, 
while favoring a species-rich ground- 
cover. Only 3 percent of these relic long- 
leaf pine woodlands remain in a frag- 
mented modem landscape, and they 
require human-ignited fires- because 
lightning ignitions are too infrequent and 
-unpredictable to functionally conserve 
this ecosystem. 
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Courtesy of the Joseph W. Jones Ecological Research Center z: ichauway 





overgrazing and overplowing. Many former grasslands, therefore, are now human- 
made deserts that are difficult to restore to the grassland state. For example, Morello 
(1970) reported that intensive cattle grazing on the Argentine pampas reduced the 
combustible matter to such an extent that fires, which are necessary to maintain grass 
cover, can no longer burn. As a result, thorny shrubs, formerly kept in check by pe- 
tiodic fires, take over. The only way to restore grazing productivity is to expend fuel 
energy in the mechanical removal and burning of woody vegetation. This is an ex- 
ample of an anthropogenic vegetation change reversible only at great cost. 





Tropical Grasslands and Savannas 


f Tropical savannas (grasslands with scattered trees or clumps of trees) are found in 
warm regions with 40 to 60 inches (100 to 150 cm) of rainfall but with one or two pro- 
lònged dry seasons, when fires are an important part of the environment (Fig. 10-20). 
The largest area of this type is in central and eastern Africa, but sizable tropical savan- 
nas or grasslands also occur in South America and Australia. Because both trees and 
grass must be resistant to drought and fire, the number of species in the vegetation is 
not large, in sharp contrast to adjacent forests. Grasses belonging to such genera as 
Panicum, Pennisetum, Andropogon, and Imperata provide the dominant cover, whereas 
the scattered trees are of entirely different species from those of the tropical forest. In 
Africa, the thoy and picturesque Acacias and other leguminous trees and shrubs, 
the large-trunk baobab trees (Adansonia digitata), arborescent euphorbias (the eco- 
logical equivalent of cacti), and palms dot the landscape. Often, single species of both 
grass and trees may be dominant over large areas. 

In number and variety, the population of hoofed mammals of the African Savanna 
is not exceeded anywhere in the world. Antelope (numerous species, including the 
wildebeest), zebra, and giraffe graze or browse and are sought by lions and other 
predators in areas in which the “big game” has not been replaced by humans and 
cattle. Figure 10-21 shows a wildebeest migration in the African Savanna. Mutualism 
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Figure 10-20. A view of the tropi- 
cal Savanna of East Africa. Grass, scat- 
tered trees with picturesque shapes, 
dry-season fires, and numerous species 
of large mammalian herbivores (Thom- 
son's gazelle, Gazella thomsonii, is the 


species shown here) are unique features 
of this biome. 


Figure 10-21. Migration of wilde- 
beest (Connochaetes taurinus) across 
the Savanna in Africa. 


Courtesy of Eugene P. Odum 








between grazers and grass and the concept of reward feedback was discussed in some 
detail in Chapter 3. Insects are most abundant during the wet season, when most 
birds nest, whereas reptiles may be more active during the dry season. Thus, seasons 
are regulated by rainfall, rather than by temperature as in the temperate grasslands. 

The earliest traces of human existence have been found in East Africa; however, 


. itis not certain whether this region was wetter or drier at the “dawn of humans” than 
it is at present. 


Chaparral and Sclerophyllous Woodland 


In-mild temperate regions with abundant winter rainfall but dry summers, the vegeta- 
tion consists of trees, shrubs, or both with hard, thick, evergreen leaves (Fig. 10-22). 
Under this heading-is included a range of vegetation from the Coastal Chaparral, in 
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which shrubs predominate, to broad sclerophyllous woodland dominated by small 
to medium-sized pifion-juniper evergreen trees, such as scrub oak (Quercus dumosa) 
and chamise (Adenostoma fasciculatum). Chaparral communities are extensive in Cali- 
fornia and Mexico, along the shores of the Mediterranean Sea, in Chile, and along 
the southern coast of Australia. Many plant species may serve as dominants, de- 
pending on the region and local conditions. All species have mycorthizae, and some 
have nitrogen-fixing actinomycete nodules. Both mutualisms enhance survival under 
harsh conditions. Fire is an important factor that tends to perpetuate shrub domi- 
nance at the expense of trees. Chaparral is a fire-type ecosystem and was noted in 
Chapters 5, 7, and 8 as an example of a cyclic climax. 
In California, about 5 to 6 million acres (2-2.5 million ha) of slopes and canyons 
are covered with chaparral. Chamise (Adenostoma) and manzanita (Arctostaphylos) 
are common shrubs that often form dense thickets, and several evergreen oaks are 
characteristic as either shrubs or trees. The rainy growing season generally extends 
from November to May. Mule deer and many birds inhabit the Chaparral during this 
period, then move north or to higher elevations during the hot, dry summer. Resi- 
dent vertebrates are generally small and dull-colored to match the dwarf forest; the 
small brush rabbits (Sylvilagus bachmani), wood rats, chipmunks, lizards, wren-tits, 
and brown towhees are characteristic. The population density of breeding birds and 
insects is high as the growing season comes to a close, then decreases as the vegeta- 
tion dries out in late summer. At this time, fires frequently sweep the slopes with in- 
credible swiftness (and into the southern California suburban areas). After a fire, the 
chaparral shrubs sprout vigorously with the first rains and may gain maximum size 
in 15 to 20 years. 

Very similar to the West Coast Chaparral is the sclerophyllous woodland of the 
winter rain areas of the Mediterranean region, locally called maquis; similar vegeta- 
tion in Australia, in-which trees and shrubs of the genus Eucalyptus are dominant, is 
called mallee scrub. It is not a surprising adaptation that Australian “eucalypts” grow 
well in California, where they have been widely introduced and have largely replaced 
the native woody vegetation in urban areas. 


‘Figure 10-22. A view of the chapar- 
ral-covered hills of southern California. 
The Chaparral is a Mediterranean-type- 
shrubland biome that is highly- prone 
to fire. 





© Rich Reid /National Geographic /Getty (mages 
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Deserts 











Regions having less than 10 inches (25 cm) of rainfall—or sometimes regions 
greater rainfall that is very unevenly distributed—are generally classified as dese 
(Fig. 10-23). The scarcity of rainfall may be due to (1) high subtropical pressu 
in the Sahara and Australian deserts; (2) geographical position in rain shadows, as 
the western North American deserts; or (3) high elevation, as in the Tibetan, Bol 
and Gobi deserts. Most deserts receive some rain during the year and have at lea 
sparse cover of vegetation, unless the edaphic conditions of the substrate happen tf 
be especially unfavorable (as with moving sand dunes). Apparently the only pla 
where little or no rain falls are located in the central Sahara Desert and north 
Chile. A picture of the desert climate of Arizona is shown in Figure 10-23. 

When deserts are irrigated, and water is no longer a limiting factor, the type o 
soil becomes a prime consideration. When the texture and nutrient content of the soil * 
are favorable, irrigated deserts can be extremely productive, because of the large @ 
amount of sunlight they receive. However, the cost per kilogram of food produced 7 
may be high because of the high cost of developing and maintaining irrigation sys- 
tems. Very large volumes of water must flow through the system; otherwise, salts may’ 
accumulate in the soil (as a result of the rapid evaporation rate) and become limiting. 
As the irrigated ecosystem ages, increased water demands may bring on an “inflation- 
ary spiral,” requiring the building of more aqueducts, higher costs of production, and 
greater exploitation of the underground or mountain water sources. Old World des- 
erts are full of the ruins of irrigation systems. At least, these ruins warn us that the ir- 
rigated desert will not continue to bloom indefinitely without due attention to the ba- 
sic laws of ecology. ; 

Three life-forms of plants are adapted to deserts: (1) the annuals, which avoid 
drought by growing only when there is adequate moisture; (2) the stem succulents, 
such as the cacti, which have the moisture-conserving CAM photosynthesis (see 
Chapter 2) and also store water; and (3) the desert shrubs (Fig. 10-23A), which have 
numerous branches ramifying from a short basal trunk bearing small, thick leaves 
that are shed during the prolonged dry periods. The desert shrub presents very 
much the same appearance throughout the world, even though species may belong 
to diverse taxa (another striking example of ecological equivalence due to ecological 
convergerice). 

Desert shrubs have a highly characteristic regularly spaced distribution in which 
individual plants are scattered thinly, with large bare areas in between. In some cases, 
secondary chemicals act as allelopathic substances to keep plants spaced apart (see 
Chapter 7 for details). In any event, the spacing reduces competition for a scarce re- 
source; otherwise, intense competition for water might result in the death or stunt- 
ing of all the vegetation. 

Although arbitrary, it is convenient to recognize two types of desert on the basis 
of temperature: hot deserts and cool deserts (Fig. 10-23). In North America, the creo- 
sote bush (Larrea tridentata) is a widespread dominant of the southwestern hot des- 
ert, and sagebrush (Artemisia) is the chief plant over large areas of the more northern 
cool deserts of the Great Basin. Bur sage (Franseria) is also widespread in southem ar- 
eas, whereas at higher altitudes, where there is a little more moisture, the giant sa- 
guaro cactus (Carnegiea gigantea) and paloverde (Parkinsonia) are conspicuous. East- 
ward, a considerable amount of grass is mixed with desert shrubs to form a desert 
grassland type. In the cool deserts—especially on the alkaline soils of the internal 
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Figure 10-23. Two types of deserts 
in western North America. (A) A low- 
altitude “hot” desert near South Mer- 
cury, Nevada, dominated by creosote 
bush (Larrea). Note the characteristic 
growth form of the desert shrub (numer- 
ous branches ramifying from ground 
level) and the rather regular spacing. 
(B) An Arizona desert at a somewhat 
higher elevation, with several kinds of 
cacti and a greater variety of desert 
shrubs and small trees. 
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drainage regions—saltbushes of the family Chenopodiaceae, such as shadscale (Atri- 
plex confertifolia), hop sage (Grayia spinosa), winterfat (Eurdtia lanata), and grease- 
wood (Sarcobatus vermiculatus), occupy extensive zones. The succulent life-forms, 
including the cacti and the arborescent yuccas and agaves, reach their greatest devel- 
opment in the Mexican Desert. Some species of this type extend into the shrub des- 
erts of Arizona and California, but this life-form is unimportant in the cool deserts. 
In all deserts, annual forbs and grasses may make quite a show during brief wet pe- 
tiods. The extensive “bare ground” in deserts is not necessarily free of plants, Mosses, 
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algae, and lichens may be present, and on sands and other finely divided soils, they may 
form a stabilizing crust. The cyanobacteria (often associated with lichens) are also im- 
portant as nitrogen fixers (see Evenari 1985 for a review of world deserts). 

Desert animals and plants are adapted in various ways to the lack of water. Rep- 
tiles and some insects are “preadapted” because of their relatively impervious integu- 
ments and dry excretions (uric acid and guanine). Desert insects are “waterproofed” 
with substances that remain impermeable at high temperatures. Although evapora- 
tion from respiratory surfaces cannot be eliminated, it is reduced to a minimum in 
insects by the internally invaginated spiracle system. It should be pointed out that the 
production of metabolic water (from the breakdown of carbohydrates) —often the 
only water available—is not in itself an adaptation; it is the conservation of this water 
that is adaptive, as is the ability to produce more metabolic water at low humidities 
in the case of tenebrionid beetles (a characteristic desert group). Mammals, by con- 
trast, are not very well adapted as a group (because they excrete urea, which involves 
the loss of much water), yet certain species have developed remarkable secondary 
adaptations. Among these desert mammals are rodents of the families Heteromy- 
idae and Dipodidae, especially the kangaroo rat (Dipodomys) and the pocket mousé 
(Perognathus) of the New World deserts and the jerboa (Dipus) of Old World deserts. 
These animals can live indefinitely on dry seeds and do not require drinking water. 
They remain in burrows during the day and conserve water by excreting very con- 
centrated urine and by not using water to regulate their body temperature. Thus, the 
adaptation to deserts by these rodents is as much behavioral as physiological. Other 
desert rodents—wood rats (Neotoma), for example—cannot live solely on dry food 
but survive in parts of the desert by consuming succulent cacti or other plants that 
store water. Even the camel (Camelus) must drink water, but camels can endure long 
periods without water because their body tissues can tolerate an elevation of body 
temperature and a degree of dehydration that would be fatal to most animals. Despite 
popular belief, camels do not store water in their humps. 


Semi-Evergreen Seasonal Tropical Forests 


Tropical seasonal forests, including the monsoon forests of tropical Asia, occur in 
humid tropical climates with a pronounced dry season, during which some or all of 
the trees lose their leaves (depending on the length and severity of the dry season). 
The key factor is the strong seasonal pulse of a fairly large annual rainfall. Where wet 
and dry seasons are of approximately equal length, the seasonal appearance is the 
same as that of a temperate deciduous forest, with “winter” corresponding to the dry - 
season. In the Panamanian seasonal forest shown in Figure 10-24, the tall emergent 
trees lose their leaves during the dry season, but palms and other understory trees re- 
tain theirs (hence the term semi-evergreen). Seasonal tropical forests have a species 
richness second only to that of the tropical rain forests. 


Tropical Rain Forests 


The diversity of life perhaps reaches its culmination in the broad-leaved evergreen 
tropical rain forests that occupy low-altitude zones near the equator. Rainfall exceeds 
80 or 90 inches (200 to 225 cm) a year and is distributed over the year, usually with 
one or more relatively “dry” seasons (5S*inches per month or less). Rain forests occur 
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Figure 10-24. View of a lowland 
seasonal tropical forest in Brazil. The 
tall emergent trees (with white trunks), 
which lose their leaves in the dry séa- 
son, project above the general canopy of 
broad-leaved evergreen hardwoods and 
palms. 


in three main areas: (1) the Amazon and Orinoco Basins in South America (the largest 
continuous area) and the Central American Isthmus; (2) the Congo, Niger, and Zam- 
bezi Basins of central and western Africa and Madagascar, and (3) the Indo-Malay, 
Borneo, and New Guinea regions. These areas differ from each other in the species 
present (because they occupy different biogeographical regions), but the forest struc- 
ture and ecology are similar in all three areas. The variation in temperature between 
winter and summer is less than that between night and day. Seasonal periodicity in 
breeding and other activities of plants and animals is largely related to variations in 
rainfall or is regulated by inherent rhythms. For example, some trees of the family 
Winteraceae apparently show continuous growth, whereas other species in the same 
family show discontinuous growth, with the formation of tree rings. Rain-forest birds 
may also require periods of “rest,” because their reproduction often exhibits period- 
icity unrelated to the seasons. 

The rain forest is highly stratified. Trees generally form five layers: (1) scattered, 
very tall emergent trees that project 50 to 60 meters above the general level of the 
(2) canopy layer, which forms a continuous evergreen carpet 25 to 35 meters tall; G)a 
lower-tree understory stratum, 15 to 24 meters high, that becomes dense only where 
there is a break in the canopy; (4) poorly developed shrubs and young trees in deep 
shade; and (5) a ground layer composed of tall herbs and ferns. The tall trees are shal- 

` low rooted and often have swollen bases or flying buttresses. A profusion of climbing 
plants, especially woody lianas and epiphytes, often hides the outline of the trees. The 
“strangler figs” and other arborescent vines are especially noteworthy. The number of 
species of plants is very large; often, there are more species of trees in a fev hectares 
than in the entire flora of Europe or North America. For example, Peter Ash:on of the 
Arnold Arboretum found 700 species of trees in 10 selected 1-hectare plo. located 
in Borneo—the same number of species as in all of North America (Wilson 1988). 

A much larger proportion of animals lives in the upper layers of the vegetation in 
rain forests than in temperate forests, whete most life is near ground level. For ex- 
ample, more than 50 percent of the mammals in British Guiana are arboreal. Besides 
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the arboreal mammals. there 1s an abundance of chameleons, iguanas, geckos, arbos 
real snakes, frogs, and birds. Ants, Orthoptera, and Lepidoptera are ecologically im: 
portant. Symbiosis between animals and epiphytes is widespread. Like the flora, th 
fauna of the rain forest is incredibly rich in species. For example, in a 6-square-mil 
area on Barro Colorado, a well-studied bit of rain forest located in the Panama Cana 
Zone, there are 20,000 species of insects, compared with only a few hundred in 4 
of France. E. O. Wilson recovered 43 species of ants belonging to 26 genera from 
single leguminous tree in Tambopata Reserve located in Peru—about equal to thes 
entire ant fauna that could be found in the British Isles (E. O. Wilson 1987). Nu 
merous archaic types of animals and plants survive and fill the multitude of niches in: 
this unchanging environment. Many scientists believe that the rate of evolutionary 
change and speciation is especially high in the tropical forest regions, which, there- 
fore, have been a source of a number of species that have invaded more northern 
communities. The need to preserve large areas of tropical forests as a gene resource is 
a matter of increasing concern in the scientific community. 

Fruit and termites are staple foods for animals in the tropical rain forest. One rea- 
son why birds are often abundant is that so many of them, such as fruit-eating para- 
keets, toucans, hornbills, contingas, trogons, and birds of paradise, are herbivorous. 
Because the “attics” of the jungle are crowded, many bird nests and insect cocoons 
are of a hanging type, enabling their inhabitants to escape from army ants and other 
predators. Although some spectacularly bright-colored birds and insects occupy the 
more open areas, the majority of rain-forest animals are inconspicuous, and many are 
nocturnal. . 

In the mountainous areas of the Tropics, there is a variant of the lowland rain for- 
est, the montane rain forest, which has some distinctive features. The forest becomes 
progressively less tall with increasing elevation, and epiphytes make up an increas- 
ingly larger proportion of the autotrophic biomass, culminating in the dwarf cloud 
forest. A functional classification of rain forests can be based on saturation deficit, be- 
cause this determines transpiration, which in turn determines root biomass and the 
height of trees. Still another variant of the rain forest occurs along banks and flood- 
plains of rivers and is called the gallery forest, or sometimes the riverine forest. 

Efficient direct nutrient cycling by mutualistic microorganisms is a remarkable prop- 
erty of rain forests that enables them to be as luxuriant on poor soils as on more fer- 
tile sites. In general, with poor soils, the fertility is in the biomass, not in the soil (as 
it is in temperate forests and grasslands), so when a forest is removed; the land makes 
poor pasture or cropland (Fig. 10-25). 

When the rain forést is removed, a secondary forest often develops that includes 
softwood trees, such as Musanga (Africa), Cecropia (America), and Macaranga (Ma- 
laysia). The secondary forest looks lush, but it is quite different from the virgin forest 
in both ecology and flora. The climax rain forest is usually very slow to return, espe- 
cially on sandy or other nutrient-poor sites, because most of the nutrients in the orig- 
inal forest were lost with the removal of the biomass and the disruption of the mi- 
crobial recycling networks. 

How to manage rain forests for human use continues to be a controversial and 
frustrating question to those who look on these great forests as one of the last fron- 
tiers for colonization and as a potential source of wealth. The large size of the trees 
fooled the eafly European explorers of the Amazon into believing that the soil was 
rich. There followed many unsuccessful attempts to convert the rain forest to agri- 
cultural and commercial forestry. Despite these failures, developers and governments 
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Figure 10-25. (A) A virgin tropical 4 
raw rain forest. (B) An area of tropi- 
cal rain forest following slash-and-burn 
(swidden) agriculture. When cleared, the 
land often makes poor pasture or crop- 
land, because the fertility was not in the 
soil but in the biomass that has been 
removed. 
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continue to try to transfer temperate-zone agricultural and forest technology to the 
` region. These ventures were—and are—definitely not appropriate technology. n 
the late 1960s, for example, billionaire D. K. Ludwig acquired an area of the Brazilian 
Amazon (Para) about the size of Connecticut. He floated in a pulp mill and converted 
mature forests to plantations of exotic species. C. F. Jordan (1985, C. F. Jordan and 
Russell 1989) commented on this expensive venture, noting that the failure to estab- 
lish productive plantations was blamed on mismanagement rather than on a lack of 
understanding of the ecological limitations imposed by the infertile Amazonian soils. 
A more effective way to use the forest resources, Jordan suggested, would be to de- 
velop a system of strip cutting in such a way that the retention of nutrients by the root 
mat in cut areas is not greatly disturbed and that seedlings from adjacent uncut areas 
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Figure 10-26. Example of Old World 
terrace farming in the mountains in Cen- 
tral Madagascar. 























can become quickly established in cleared areas. Horticulture might be similarly 
ganized. Clearly, humans should design with, not against, natural adaptations in 
gional ecosystems. 


Tropical Scrub or Thornwoods 


Where moisture conditions in the Tropics are intermediate between desert and ṣa 
vanna on the one hand and seasonal or rain forest on the other, tropical scrub o 
thorn forests may be found. These cover large areas in central South America, south 
western Africa, and parts of Southwest Asia. The key climatic factor is the imperfec 
irregular distribution of a moderate total rainfall. Thorn forests, which are often re- 
ferred to as the bush in Africa or Australia and the caatinga in Brazil, contain small 
hardwood trees, often grotesquely twisted and thorny; the leaves are small and are 
shed during dry seasons. Thorn trees may occur in dense stands or in a scattered or 
clumped pattern. In some locations, it is not certain whether thorn woodlands are 
natural or the product of generations of use by pastoralists. 


Mountains 


Mountains occupy about 20 percent of the land area of Earth, and 10 percent of hu- 
mans live in the mountains. Where flat terraces have been constructed on steep slopes 
in the Old World, farming has been sustairied for many generations (Fig. 10-26). The 
zonation of eleven natural vegetation types in five biomes in western North Amer- 
ica has been depicted in Figure 2-3A. There is closer contact (narrow ecotones) and 
more exchanges between biomes than occur in nonmountainous regions. On the 
other hand, similar communities are more isolated. In general, many species charac- 
teristic of a biome in its nonmountainous location are also found in the belt-like ex- 
tensions in the mountains. Because of isolation and topographical differences, many 
other species and varieties are unique to the mountain communities. 

Each of the major continents has one or more high mountain ranges. No matter 
_ where one lives, mountains are important in terms of available surface water Puppy 
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Figure 10-27. The pattern of forest vegetation in the Great Smoky Mountains National Park 
as related to temperature and moisture gradients (after Whittaker 1952). 


because most major rivers originate in mountains, where rainfall and snowfall are 
usually much greater than in the plains below. 

A place in which to observe the clear pattern of forests in relation to climate and 
substrata is the Great Smoky Mountains National Park, located along the Tennessee- 
North Carolina border. At sea level, one would have to travel hundreds of miles to 
observe the variety of climates present in a small geographic area in the Smokies. Fig- 
ure 10-27 shows a diagram of the complex zonation of communities in the Smokies 
to help view the landscape through the eyes of the ecologist. The altitude change pro- 
duces a north-south temperature gradient, whereas the valley and ridge topography 
provides a gradient of soil moisture conditions at any given altitude. Contrasts in the 
pattern of vegetation along the gradients are pronounced in May and early June (when 
floral displays are also spectacular), but the remarkable way in which forests adapt to 
topography and climate is evident at any time of year. 

As Figure 10-27 shows, the forests of the Smokies range from open oak and south- 
ern pine stands, found on the drier, warmer slopes at low altitudes, to northern conif- 
erous forests of spruce and fir on the cold, moist summits. The southern pine stands 
extend upward along the exposed ridges, and the northern hemlock forest extends 
downward in the protected ravines, where moisture and local temperature condi- 
tions are like those of higher altitudes. The maximum diversity of tree species oc- 
curs in sheltered (that is, moist) locations about midway in the temperature gradient. 
The Smokies have a high diversity of wildflowers, birds, and mammals. Representa- 
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Figure 10-28. Small mammals such + 
as (A) the white-footed mouse (Pero- 
myscus leucopus) and (B) the golden 
mouse (Ochrotomys nuttalli) exhibit 
niche overlap in forests in the Great 
Smoky Mountains National Park. 


tive small mammals include the white-footed mouse (Peromyscus leucopus) and the 
golden mouse (Ochrotomys nuttalli; Fig. 10-28). For more information on mountains, 
see Messerli and Ives (1997). 


Caves 


There exist numerous habitat types that, although they are not biomes or major eco- 
system types, contain unique flora and fauna. These habitat types include caves, cliffs, 
and forest-edge (discussed earlier) habitats. These habitat types provide opportuni- 
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ties for exploratory investigations and learning experiences. For example, very inter- 
esting heterotrophic communities are found in caves, which are numerous in many 
parts of the world. Organisms, many of them endemic (that is, found nowhere else 
in‘the world) live for the most part on organic matter washed into the cave. Sarbu 
et al. (1996) explored a cave in which a geothermal, chemoautotrophic ecosystem 
had evolved. This system is similar to the undersea vent systems in that hydrogen sul- 
fide rather than sunlight provides the energy source. 


Human-Designed and Managed Systems 


Agroecosystems 


Agroecosystems are domesticated ecosystems that are in many ways intermediate be- 
tween natural ecosystems, such as grasslands and forests, and fabricated ecosystems, 
such as cities. They are solar powered, as are natural ecosystems, but they differ from 
natural ecosystems in several ways: (1) the auxiliary energy sources that enhance pro- 
ductivity, but also increase pollution, are processed fossil fuels, along with human 
and animal labor; (2) diversity is greatly reduced by human management in order to 
maximize the yield of specific crops or other products; (3) the domestic plants and an- 
imals are under artificial rather than natural selection; and (4) control is external and 
goal oriented, rather than internal via subsystem feedback as in natural ecosystems. 

Many long-standing traditional agricultural practices in less developed countries 
are receiving increasing attention because they are energy efficient, ecologically sus- 
tainable, and provide adequate food for local people. These practices, however, do 
not produce excess grain or other products that can feed large populations of people 
or be exported as commodities in exchange for currency. Therefore, many small coun- 
tries are pushing to replace their traditional agroecosystems with industrial ones, 
with little consideration of their downsides—namely, pollution and the displacing of 
the independent farm family. 

Thailand is an example of such a country. In rice culture agroecosystems, flood 


energy input is being replaced by industrial inputs of fossil fuel, fertilizers, and pes- 


ticides, resulting in increased yields per unit area but a reduction in energy efficiency 
(ratio of energy input to grain output; Gajaseni 1995). Another example is Bali, 
where 1000-year-old gravity irrigation systems are-being replaced by fuel-powered 
pumping systems, along with increased use of synthetic chemicals, for the sake of a 
short-term gain in market economics (Steven 1994). Engineers designing these sys- 
tems need to recognize and understand that natural systems have a long evolution- 
ary history reflecting energy efficiency, high biotic diversity, and a mutualistic rela- 
tionship with human culture. 

Plantation forests, like croplands, are agroecosystems—“tree farms” designed to 
increase wood and fiber production per unit area. Sooner or later, the same manage- 
ment problems that affect other crops—loss of soil quality, pest control, or artificial 
fertilizers to replace nutrients removed with the harvest —have to be dealt with. There 
is increasing interest in agroforestry, a practice that involves the cultivation of small, 
fast-growing trees and food crops in alternate rows (MacDicken and Vergara 1990). 
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Urban-Industrial Technoecosystems 


The concept of the technoecosystem was introduced and discussed in Chapters 2 and 
9. Cities, suburbs, and industrial developments are major technoecosystems. They 
are energetic islands with large ecological footprints in the matrix of natural and agri- 
cultural landscapes. These urban-industrial environments are parasitic in nature, de- 
pending on the biosphere in terms of life-support resources (see Fig. 9-20). 

We are concerned that these technoecosystems, which frequently grow rapidly 
and haphazardly and without regard to life support, will outstrip the infrastructure 
necessary to maintain their growth. Societies need to engage in some serious urban 
and landscape planning to maintain the quality of these systems. Most of the volu- 
minous literature dealing with the plight of the cities focuses on internal problems, 
such as deteriorating infrastructure and crime. Urban planners now need to embrace 
the ecology of the landscape (for example, the regional watershed) rather than set 
themselves apart. Urban regeneration will depend more and more on reconnecting 
the city to the life-supporting land and water bodies. 

The long-term management and restoration of these human-designed systems 
will require an understanding of conservation and restoration ecology —both fields of 
study that are based on the principles, concepts, and mechanisms of basic ecology. 
These fields of applied ecology provide exciting challenges in the management and 
development of sustainable systems. 


Conservation Ecology 


Any discussion of the higher levels of organization (ecosystems in Chapter 8; land- 
scapes in Chapter 9; biomes in this chapter) illustrates the biotic richness, natural 
capital, and ecological aesthetics manifested by these large temporal-spatial scale sys- 
tems. The field of conservation biology or conservation ecology provides an inte- 
grative approach and field of study, focusing on the protection and management of 
biodiversity based on the principles of both applied and basic ecology. In recent de- 
cades, the social sciences —especially sociology, economics, ethics, and philosophy — 
have become prominent components of these protection and management processes. 

For an introduction to the field of conservation biology, we refer you to papers by 
Soulé (1985, 1991) and Soulé and Simberloff (1986). Books by C. F. Jordan (1995), 
Meffe and Carroll (1997), and Primack (2004) provide an overview of the principles, 
threats to diversity, case studies, and management strategies in the field of conserva- 
tion biology. 
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The Transition from Youth to Maturity: 
Toward Sustainable Civilizations 


Statement 


Predicting the future is a fascinating game that is especially popular in times of crisis. 
Actually, one cannot predict the future in any detail, or with any degree of precision 
—there are too many unknowns, kaleidoscopic events, technological innovations, 
and other variables that cannot be foreseen. Events such as the terrorist activities that 
were responsible for the loss of life and material destruction of the World Trade Cen- 
ter in New York City on 11 September 2001, or the grid failure that caused an elec- 
trical power outage that affected 50 million people living in the northeastern United 
States on 14 and 15 August 2003, are examples of life-altering events due to anthro- 
pogenic failures that were not effectively predicted. The 6.6 magnitude earthquake 
on 26 December 2003 that destroyed the ancient city of Bam located along the Silk 
Road in Iran, in which approximately 25 thousand human lives and historical archi- 
tectural treasures such as the 2000-year-old citadel were lost, is an example of a nat- 
ural phenomenon that still eludes adequate prediction. Nevertheless, it is instructive 
to consider a range of possibilities that could actualize. We then may be able to esti- 
mate their probability given current conditions, understanding, and knowledge. Most 
important, we might be able to do something now to reduce the probability of un- 
desirable futures and losses. 


4 


Explanation 


During the twenty-first century, about the only certainties are that humans will con- 
tinue to increase in numbers, at least until well into the century; that something will 
have to be done about the fouling of our life-support systems (especially the atmo- 
sphere and wafer); that humanity will have to make a major transition in energy 
use from predominantly fossil fuels to other, less certain, and probably less lucrative, 
sources; and finally, because there are no set-point controls (see Fig. 1-4), that hu- 
manity will likely overshoot its optimal carrying capacity, as we seem to be already 


- doing with many resources, bringing on boom-and-bust cycles. The challenge of the 


future, then, will be not how to avoid the overshoot but how to survive it by down- 
sizing growth, resource consumption, and pollution (Barrett and Odum 2000). 

We must begin to reduce our current prodigious waste and become more efficient 
in order to do more with less high-quality energy and reduce the pollution that re- 
sults from the waste of energy and industrial resources. Most people also agree that 
reducing per capita energy consumption in the industrialized countries would not 
only improve the quality of life locally (H. T. Odum and E. C. Odum 2001) but also 
help to improve the quality of life globally. 

Most students would agree that rapid growth should be avoided, if for no other 
reason than that it tends to create social and environmental problems faster than they 
can be dealt with. Rapid population growth and urban-industrial development com- 
bine to create a momentum that is very difficult to control (for a review of early warn- 
ings, see National Academy of Sciences 1971; Catton 1980). It is significant that in 
1992, the prestigious United States National Academy of Sciences and the Royal So- 
ciety of London issued the following joint proclamation: 
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World population is growing at the unprecedented rate of almost 100 million 
people every year, and human activities are producing major changes in the 
global environment. If current predictions of population growth prove accurate 
and patterns of human activity remain unchanged, science and technology may 
not be able to prevent either irreversible degradation of the environment or 
continued poverty for much of the world. 


There is no shortage of studies, “think tank” reports, and popular books assess- 
ing the current predicament of humankind. Many of these paint a rather grim picture 
of present global problems, but others are optimistic about the future. The ways in 
which scholars, and people in general, view the future range from complete confi- 
dence in business as usual and in new technology (a “more of the same” philosophy) 
to a belief that society must completely reorganize, “power down,” and develop new 
international political and economic procedures in order to deal with a world of finite 
resources. The late Herman Kahn (The Next 200 Years, 1976) and economist Julian 
Simon (The Ultimate Resource, 1981) are well-known spokesmen for the business- 
as-usual view, whereas Paul Ehrlich (The Population Bomb, 1968), E. F. Schumacher 
(Small Is Beautiful, 1973), Fritjof Capra (The Turning Point, 1982), economists Her- 
man Daly and John Cobb (For the Common Good, 1989), Herman Daly and Kenneth 
Townsend (Valuing the Earth, 1993), Paul Hawken (The Ecology of Commerce, 1993), 
Edward Goldsmith (The Way, 1996), and E. O. Wilson (Consilience, 1998; The Future 
of Life, 2002) are among those arguing for the need for fundamental changes—a po- 
sition that is becoming more and more of a consensus among world leaders. Then 
there are the cornucopian (“horn of plenty”) technologists, who are optimistic that an 
efficient and clean hydrogen economy (to replace carbon-based, “dirty” fossil fuels), 
reduced-input agriculture, waste-free industry, and other future technologies will en- 
able nine billion or more people to coexist with enough natural environment to pro- 
vide life support, preservation of endangered species, and enjoyment of nature (see 
Ausubel 1996). 


Historical Perspectives 


Anthropologist Brock Bernstein (1981) noted that in many isolated cultures that 
must survive on local resources alone, actions that would be detrimental to the fu- 
ture are perceived and avoided. Such local feedback in decision making is lost when 
isolated cultures are incorporated into large and complex industrial societies. As Bern- 
stein said, “Economics must develop a coherent theory of decision-making behavior 
that is applicable at all levels of group organization. This will necessitate defining self- 
interest in terms of survival rather than consumption. Such a shift would bring eco- 
nomic behavior under something akin to natural selection, which has worked so well 
to insure the perpetuation of life on Earth over the eons.” 

One of the obstacles to avoiding overshoots in resource use is what Garrett Har- 
din (1968) termed “the tragedy of the commons.” By commons, he meant that part of 
the environment that is open to use by anyone and everyone, with no one person re- 
sponsible for its welfare. A pasture or open range shared by many herders is an ex- 
ample. Because it is to the advantage of each herder to graze as many animals as pos- 
sible, the capacity of the range to sustain grazing will be exceeded unless restrictions 
are agreed on and enforced by the community as a whole. Prior to the Industrial Rev- 
olution, many commons were protected by community-enforced restrictions and cus- 
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toms. Herding societies solved the problem by moving their animals from one place 
to another on a regular basis before overgrazing occurred at any one place. Many Eu- 
ropean cities have a long tradition of maintaining commons in the form of large parks 
and greenbelts. The “tragedy” in these modern times is that local restrictions, as 
might be embodied in zoning ordinances, are so easily overturned by the influence 
of “big money’—that is, the economic capital that is available for the kind of develop- 
ment that yields large short-term profits, often at the expense of natural capital, thus 
affecting the local quality of life. 

In another book, Hardin (1985) raised a most intriguing question: would the In- 
dustrial Revolution have gotten off the ground without the exploitation of people and 
environment in the beginning? Recall Dickens’ novels describing labor abuse and the 
complete inattention to air and water pollution in the nineteenth century. Certainly, 
the exploitation of people (as in industrial sweatshops) and the unrestricted pollu- 
tion of the environment greatly accelerated the capital accumulation on which the 
present, affluence of the industrial world is based. Most people now realize, however, 
that we are at a turning point in history. We cannot continue “commonizing the costs 
and privatizing the profits” (Hardin 1985) and postponing the environmental and 
human costs of rapid growth and development without incurring widespread dam- 
age to our global life-support systems. Donald Kennedy, in an editorial in Science 
(12 December 2003), noted that the big question in the end is not whether science 
can help to solve problems at large scales (such as global warming); rather, it is 
whether scientific evidence can successfully overcome social, political, and economic 
resistance. That was Hardin's big question 35 years ago, and it is ours now. 

In the closing decades of the twentieth century, numerous papers and books were 
published suggesting ‘ways to deal with the “commons,” including another book by 
Hardin entitled Living Within Limits (1993); and a book by Hawken et al. (1999) en- 
titled Natural Capitalism, proposing a common ground among economics, environ- 
ment, and society for the twenty-first cer-ury. 


Global Models 


Some of the most comprehensive futuristic reports include those prepared by the 
Club of Rome and the global models produced by the United States and other gov- 
ernments and the United Nations. The Club of Rome was a group of scientists, econ- 
omists, educators, humanists, industrialists, and civil servants brought together by 
Italian industrialist Arillio Peccei, who felt the urgent need to prepare a series of 
books on the future predicament of humankind. Its first and best-known book, The 
Limits to Growth (Meadows et al. 1972), predicted on the basis of models that if our 
political and economic methods continue unchanged, severe boom-and-bust cycles 
will occur. Essentially, this first Club of Rome study employed a modern systems 
approach to the older “warnings to humankind” classics, such as George Perkins 
Marsh’s Man and Nature (1864, reissued in 1965), Paul Sears’ Deserts on the March 
(1935), William Vogt’s Road to Survival (1948), Fairfield Osborn’s Our Plundered Planet 
(1948), and Rachel Carson's Silent Spring (1962). The report denounced society's 
obsession with growth, in which at each level (individual, familial; corporate, and na- 
tional) the goal is to get richer and bigger and more powerful, with little consider- 
ation for basic human values and the ultimate cost of unrestricted, unplanned con- 
sumption of resources and stress on environmental life-support goods and services. 

The Limits to Growth was followed by a series of additional reports that attempted 
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not only to describe possible future trends in more detail, but also to suggest actions 
that should be taken to avoid a boom-and-bust doomsday. These studies were pub- 
lished in book form with titles such as Mankind at the Turning Point; Reshaping the In- 
ternational Order; Goals for Mankind; Wealth and Welfare; and No Limits to Learning: 
Bridging the Human Gap (all published by Pergamon Press, New York). A variety of 
distinguished scholars contributed to these efforts, including economists, educators, 
engineers, historians, and philosophers. Laszlo (1977) assessed the overall impact of 
these reports as follows: . 


Thanks largely to the efforts of the Club of Rome, international awareness of 
the world problematique has rapidly grown. The Club pioneered the way (to 
use a medical analogy) from diagnosis to prescription but very little was accom- 
plished in the way of therapy. To use another metaphor, the Club helped point 
the way but did little to generate the will to take it. 


Between 1971 and 1981, a number of other global models were developed. These 
models were computerized mathematical simulations of the world’s physical and 
socioeconomic systems and made projections into the future that were logical conse- 
quences of the data and the assumptions that went into the model. It should be em- 
phasized that each model remains unique with respect to the assumptions that mo- 
tivated it. These models were reviewed and compared as a group in a report issued 
by the Congressional Office of Technology Assessment (OTA 1982), and in a book by 
Meadows et al. (1982). Despite differing assumptions and biases, the modelers agreed 
on some points, namely: 


° Technological progress is expected, and is vital, but social, economic, and politi- 
cal changes will also be necessary. 


* Populations and resources cannot grow forever on a finite planet that is not grow- 
ing larger. 

e A sharp reduction in the growth rates of population and urban-industrial devel- 
opment will greatly reduce the seriousness of overshoots or major breakdowns in 
life-support systems. 


* Continuing “business as usual” will not lead to a desirable future, but rather will 
‘result in further widening of undesirable gaps (such as between rich and poor). 


* Cooperative long-range approaches will be more beneficial for all parties than 
competitive short-term policies. . 

* Because the interdependence among peoples, nations, and the environment is 
much greater than commonly acknowledged, decisions should be made in a ho- 
listic (systems) context. Actions to alter current undesirable trends (such as at- 
mospheric toxification), taken soon (within the next couple of decades), will be 
more effective and less costly than actions taken later. This calls for strong civic 
awareness of needs that will force strong political action and changes in educa- 
tion, because by the time a problem is obvious to everyone, it may be too late. 


In the 1990s, Donella Meadows and colleagues came out with a sequel to The 
Limits to Growth, entitled Beyond the Limits (1992). They concluded that global con- 
ditions are worse than predicted in 1972; however, they still envisioned a sustainable 
future if the six points just outlined are taken seriously and acted on. They com- 
mented that what the world needs is good old-fashioned “love” that. will enable 


people to work together for common causes. In Chapter 8, we discussed a parallel 
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trend in ecosystem development, in which mutualism increases when resources are 
scarce. 3 

Models are good for integrating data and trends, but they are not able to factorin @ 
human resolve and ingenuity (or lack of it). Next, we will explore several approaches § 
to understanding our predicament and what we can learn from the study of ecology 


that will help us to address current problems, including those that will likely arise in 
the future. 






Ecological Assessment 


The wisdom of the many contributors to the aforementioned reports, models, and 
global assessments conforms rather well to basic ecosystem theory, especially to three 
of its paradigms: (1) a holistic approach is necessary when dealing with complex sys- 
tems; (2) cooperation has greater survival value than competition when limits (re- 
sources or otherwise) are approached; and (3) orderly, high-quality development of 
human communities, like that of biotic communities, requires negative as well as pos- 
itive feedback mechanisms. It should be noted that these scholars’ conclusions also 
conform to the age-old human wisdom found in common-sense proverbs such as 
“look before you leap,” “do not put all your eggs in one basket,” “haste makes waste,” 
“an ounce of prevention is worth a pound of cure,” and “power corrupts.” 

A civilization is a system, not an organism, contrary to what Arnold Toynbee 
(1961) said in A Study of History. Civilizations do not necessarily have to grow, ma- 
ture, become senescent, and die, as organisms do—even though this process has 
happened in the past (as with the rise and fall of the Roman Empire). According to 
geographer Karl Butzer (1980), civilizations become unstable and break down when 
the high cost of maintenance results in a bureaucracy that makes excessive demands 
on the productive sector. Such a view coincides with ecological theories of P/R ratios 
(see Chapter 3), resource recycling (see Chapter 4), carrying capacity (see Chapter 6), 
complexity (see Chapter 8), and habitat fragmentation (see Chapter 9). As we con- 
tinue to point out, the study of ecology can help us deal with human predicaments. 


Coming Full Circle 


Human societies go from pioneer to mature status in a manner parallel to the way 
that natural communities undergo: ecosystem development. As we have already 
noted, there are many strategies and behaviors that are appropriate and necessary for 
survival during the youth or pioneer stage but that become inappropriate and detri- 
mental at maturity. Continuing to act on a short-term, one-problem—one-solution 
basis as society grows larger and more complex leads to what economist A. E. Kahn 
(1966) called “the tyranny of small decisions.” Increasing the height of smokestacks 
—a quick fix for local smoke pollution—is one example in which many such “small 
- decisions” lead to the larger problem of increased regional air pollution. W. E. Odum 
(1982) gave another example: no one purposefully planned to destroy 50 percent of 
the wetlands along the northeastern coast of the United States between 1950 and 
1970, but it happened as a result of hundreds of small decisions to develop small 
tracts of marshland. Finally, the state legislatures woke up to the fact that valuable 
life-support environment. was being destroyed, and one by one, each legislature 
passed wetlands protection acts in an effort to save the remaining wetlands. It is hu- 
man nature to avoid long-term or large-scale actions until there is a threat that is per- 
ceived by a majority of the population. l 
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What all this means for the future is that the transition time for human commu- 
nities has come—or will be coming soon—that necessitates “coming full circle” or 
“doing an about-face” on many previously acceptable concepts and procedures. 

In the next several sections, we will present the growth-maturity theme from dif- 
ferent but interrelated viewpoints, with suggestions for solutions to the dilemmas 
raised. We will conclude with a table summarizing the prerequisites for achieving 
maturity. 


2 Ecological-Societal Gaps 


Statement 


A good way to assess the predicament of humankind is to consider the gaps that must 
be narrowed if humans and the enviroriment (as well as nations) are to be brought 
into more harmonious relationships. Among these gaps are the following: 


e The income gap between the rich and the poor, both within nations and between 
the industrialized nations (30 percent of the world population) and the nonin- 
dustrialized nations (70 percent of the world population). 


_* The food gap between the well-fed and the underfed. 
* The value gap between market and nonmarket goods and services. 


e The education gap between the literate and the illiterate, the skilled and the 
underskilled. 


e The resource management gap between development and stewardship. 


None of these gaps has been narrowed very much during the past several decades; in 
fact, the income and value gaps have gotten much worse. Seligson (1984) noted that 
the gap in per capita income between rich and poor nations had grown from $3,617 
to $9,648 between 1950 and 1980; this gap has continued to grow. By 2000, the per 
capita gross domestic product (GDP) had reached $35,000 in western countries, 
compared with $1,000 in many other countries—a gap of $34,000 (United Nations 
statistit; see Zewail 2001). In terms of resource consumption per capita, paper con- 
sumption in 1999, for example, was 135 kilograms/year in the United States and 
4 kilograms/year in India (Abramovitz and Mattoon 1999), 





Explanation and Examples 


Well-meaning efforts by rich nations to help poorer ones have too often failed, be- 
cause the deleterious cultural and environmental impacts of the aid were not antici- 
pated. For example, the construction of a reservoir in a fertile valley may provide 
benefits initially, but it may also force farmers to move upstream to less suitable land, 
resulting in severe erosion and deforestation of the watershed and subsequent silting 
of the reservoir. Morehouse and Sigurdson (1977) pointed out more than two de- 
cades ago that the transfer of industrial technology from industrialized to developing 
nations too often beriefits the small modern sector but not the masses of rural poor 
in the traditional society. Wealth does not “trickle down” when there are profound 
cultural, educational, and resource differences within the population that have not 
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changed in the past quarter century. As noted earlier (see Chapter 3), one cannot 
transfer a high-energy industrial or agricultural technology to a less developed coun- 
try without also providing the high-quality energy needed to sustain it. Likely it is 
betterto enhance current “low-tech” operations (that is, use “appropriate” technolo- 
gies) until the nation can go “high-tech” on its own. As in nature, one géts to a ma- 
ture state only after the way is prepared by younger developmental stages. 


Social Traps 


A situation in which a short-term gain is followed in the long term by a costly or dele- 
terious situation not in the best interest of either the individual or society has been 
termed a social trap (Cross and Guyer 1980). An analogy is a trap that entices an an- 
imal into it with an attractive bait; the animal enters the trap in the hope of an easy 
meal, but then finds it difficult or impossible to escape. Substance abuse is an ex- 
ample of a behavioral social trap, whereas hazardous waste dumping, destruction of. 
wetlands (or other life-support environments), and proliferation of weapons of mass 
destruction are examples of environmental social traps. Edney and Harper (1978) sug- 
gested using a simple game played with poker chips to illustrate the relationship of 
- social traps to the tragedy of the commons. A pool of poker chips is established, and. 
each player has a choice of removing from one to three chips. The pool is renewed af- 
ter each round in proportion to the number of chips remaining. If players think only 
of their immediate, short-term gains and temove the maximum of three chips, the re- 
newable resource of the common pool becomes smaller, and ultimately the resource 
pool is gone. Removing only one chip each round sustains the renewable resource. 


Dominion versus Stewardship 


-There is an interesting parallel to the youth-maturity theme in the Scriptures. Early 
in the Biblical text, followers are told to “be fruitful and multiply” and take dominion 
over Earth (Genesis 1 :28). One interpretation of this message is that it was meant to 
apply to all living things, not justhumans (Bratton 1992). Elsewhere in the Scriptures 
(for instance, Luke 12:42) readers are admonished to become “stewards” (keepers of 
the house) and take care of Earth. A reasoned interpretation is that these messages 
are not contradictory, nor a matter of right or wrong, but constitute a sequence in time 
(in other words, there are times and places for each). 

In the early development of civilizations, taking dominion over the environment 
and exploiting resources (such as clearing the land for crops and mining the earth for 
materials and energy) and high birth rates are necessary for human survival. How- 
ever, as societies become more crowded, resource-demanding, and technologically 
complex, various limitations are reached that should encourage humans to turn to 
stewardship in order not to destroy our life-supporting “house.” 

Stephen R. Covey, in his national best-selling book The 7 Habits of Highly Effective 
People (Covey 1989), noted that both ecological systems and social systems go through 
three stages of growth and development. He referred to the youth stage as dependent, 
the next stage as independent, and finally, the mature stage as interdependent. Thus, just 
as ecosystem growth and development leads to increased mutualistic relationships 
among species, increased biotic diversity, and system regulation, social system growth 
and development leads to interdependent relationships among members of a society, 
increased educational and cultural opportunities, and inter- and intragenerational 
stability. 
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Environmental Ethics and Aesthetics 


Maintaining and improving environmental quality requires an ethical underpinning. 
Notonly must it be against the law to abuse natures life-support systems, it should 
be understood to be unethical as well. One of the most widely read and cited essays 
on the subject of environmental ethics is Aldo Leopold’s “The Land Ethic,” first pub- 
lished in 1933 and included in his classic book, A Sand County Almanac: And Sketches 
Here and There (1949). Leopold spent his early years as a forester in a part of the west- 
ern United States that could be reached only on horseback and where the howl of the 
wolf could still be heard. Later, he pioneered the field of game management and be- 
came a professor at the University of Wisconsin. He and his family spent as much 
time as possible at a cabin (“the shack,” which has since become a historical site fre- 
quently visited by conservationists) located on an old worn-out farm they bought and 
restored as a place of natural beauty in Sand County, Wisconsin. Aldo Leopold will 
be best remembered for the writing he did there—writings about the wild and the 
beautiful, reminiscent of the work of Henry David Thoreau (for more on the legacy 
of Aldo Leopold and the land ethic paradigm, see A. Carl Leopold 2004). 

Human rights have received increasing ethical as well as legal and political atten- 
tion. But what about the rights of other organisms and the environment? Leopold 
defined an ethic ecologically as “a limitation on freedom of action in the struggle for 
existence,” and philosophically as “a differentiation of social from antisocial conduct.” 
He suggested that the extension of ethics over time is a sequence as follows: First, 
there is the development of religion as a human-to-human ethic. Then.comes de- 
mocracy, as a human-to-society ethic. Finally, there is a yet to be developed ethical re- 
lationship between humans and their environment, in Leopold’s words, “the land- 
human relation is still strictly economic, entailing privileges but not obligations.” 

As we have attempted to document in this book, there are strong scientific and 
technical reasons for the proposition that an expansion of ethics should include the 
life-support environment necessary for human survival. There are many legal mech- 
anisms, such as conservation easements, available that can encourage landowners 
to trade their options to develop property for tax relief or other favorable economic 
considerations. It is also encouraging that in the past two decades, there has been a 
great increase in the number of articles, books, college courses, and journals that deal 
with environmental ethics (Callicott 1987; Potter 1988; Hargrove 1989; Ferré and 
Hartel 1994; Dybas 2003; Ehrlich 2003; A. C. Leopold 2004). 


Global Sustainability 


Statement 


In 1987, a World Commission on Environment and Development issued a report en- 
titled Our Common Future, which has come to be known as the “Brundtland Report,” 
after the former Prime Minister Brundtland of Norway, who was chair of the com- 
mission. The report concluded that the current trends of economic development and 
the accompanying environmental degradation are unsustainable. Irrevocable damage 
to planetary ecosystems is depressing-the economic status of much of the world’s 
population. Survival depends on changes now. The first step in bringing about these 
changes is to seek ways to enhance cooperation between nations, so that they can 
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work together toward global sustainability. The report is important not so much for 
what it says as for the fact that a group of 23 political leaders and scientists from both 
developed and less developed countries could agree that the health of the global en- 
vironment is essential for the future of everyone. 


Explanation and Examples 


In 1991, UNESCO issued a report entitled “Environmentally Sustainable Economic . 
Development: Building on Brundtland” (Goodland et al. 1991). This report made 
a distinction between economic growth, which involves getting larger (quantitative 
growth), and economic development, which involves getting better (qualitative growth) 
without increasing the total consumption of energy and materials beyond a levél that 
is reasonably sustainable. The report concluded that “a five-to-tenfold expansion of 
anything remotely resembling the present economy (which some economists say is 
necessary to reduce poverty worldwide) would simply speed us from today’s long- 
run unsustainability to imminent collapse.” Therefore, the economic growth required 
for poverty reduction (especially in the less developed countries) “must be balanced 
by negative throughput growth for the rich.” 

In 1992, world leaders convened an Earth Summit in Rio de Janeiro, Brazil, in 
search of international agreements that could help save the world from pollution, 
poverty, and the waste of resources. Confrontation between the wealthy “North” and 
the poor “South” dominated the proceedings, and few meaningful agreements were 
reached. However, the concept of sustainable development did emerge as a means of 
combining economic and-ecological needs. Many who attended the summit came 
away with the feeling that a pathway had been opened for future cooperation among 
nations. 

Another Earth Summit was convened from 26 August to 4 September 2002 in 
Johannesburg, South Africa. Negotiators for 191 countries agreed on an action plan 
to alleviate poverty and conserve the natural resources of Earth. For an overview of 
decades of depletion of resources, and for suggestions on how things might change 
in the future, we suggest four consecutive issues of Science, beginning with the “State 
of the Planet” (14 November 2003). However, summit delegates agreed to drop tar- 
gets and timetables for the installation of renewable energy—a loss for the European 
Union, which had been,pushing for a target of 15 percent of global energy coming 
from renewable sources by the year 2015. Positive agreements included Brazil and 
the World Bank agreeing to protect 50 million hectares of tropical forests; the United 
States announcing a partnership package of 10 billion dollars in pledges to alleviate 
poverty and promote health care and education; and Costa Rica announcing a mora- 
torium on offshore oil exploration. Summit ministers also agreed to reaffirm the “Rio 
Principles,” including the precautionary principle, which asks people to take action 
before effects are seen, as in the casé of ozone depletion in the upper atmosphere. 

The human disposition being what it is—that is, most people wait until a prob- 

_ lem gets really bad before taking action—it often takes a crisis or a disaster to bring 
about environmental planning and start the transitions we have been discussing. The 
following example describes how a local disaster was followed by economic devel- 
opment without an increase in the size of the city (Flanagan 1988): 


In 1972, Rapid City, South Dakota, suffered a devastating flash flood of Rapid 
Creek that damaged 160 million dollars in property, destroyed 1200 buildings, 
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and killed 238 people. Through the leadership of the mayor, Don Barnett, the 
community instituted a national prototype floodplain acquisition program, re- 
moved the damaged homes from the floodplain, and created a six-mile long, 

` quarter-mile wide urban greenway through the center of the city. The green- 
way now contains parks, recreation trails, and golf courses. Rapid Creek was 
stocked with game fish and is now the most popular recreational fishing stream 
in the entire state. Rapid City stands as a creative example of enlightened lead- 
ership, turning a disaster into a multi-use community asset that benefits all as- 
pects of the city, including commerce and a tourist industry. 


Dual Capitalism 


A recurrent theme in this book has been the contention that the overly narrow eco- 
nomic theories and policies that dominate world markets and world politics are ma- 
jor obstacles to achieving a reasonable, commonsense balance between our need for 
nonmarket and market goods and services. Around the turn of the twentieth century, 
a group of scholars calling themselves holistic economists formed a school critical of 
economic models of the day (Gruchy 1967). Efforts to establish a holistic economy 
-at that time, however, were drowned, as it were, in the flood of oil that spawned rapid 
growth in monetary and material wealth. Classic growth theory served well enough 
as long as the supply of oil exceeded demand. As the oil supply is now peaking and 
global pollution and overshoots are rampant, it seems that the time has come to re- 
develop some kind of holoeconomics that includes cultural and environmental values 
along with monetary ones—in other words, an economics that gives equal consid- 
eration to market capital and natural capital. 

It should be possible, with appropriate regulatory and incentive measures, to de- 
velop a dual capitalism gradually over a period of time (E. P. Odum 1997). Under such 
a dual capitalism, a business or industry would not only consider the market possi- 
bilities for a new product or service, but also plan how to produce the product or ser- 
vice with an efficient use of resources and with as much recycling and as little pollu- 
tion as possible. It would also consider how to internalize source reduction and waste 
management costs, so that the consumer—rather than the taxpayer—pays for-waste 
management. 

It is encouraging to see that, beginning with the first international conference on 
the integration of economy and ecology in 1982 (Jansson 1984), the economics- 
ecology interface has been receiving increasing attention. For reviews, see Costanza 
(1991), Daly and Townsend (1993), Costanza, Cumberland, et al. (1997), Hawken 
et al. (1999), and H. T. Odum and E. C. Odum (2001); see also the special issue of 
BioScience (April 2000), entitled “Integrating Ecology and Economics,” organized by 
Barrett and Farina (2000). 


Paradox in Technological Development 


Just about every technological advance that is intended to improve well-being and 
prosperity has its dark side as well as its bright side. As Paul Gray, engineer and for- 
mer president of the Massachusetts Institute of Technology, stated in 1992, “A para- 
dox of our time is the mixed blessing of almost every technological development.” 

We have described a number of examples of this paradox in previous chapters, in- 
cluding the mixed blessings of plant pest and disease control technology and the 
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. Figure 11-1. The about-face needed in the management of production systems. (A) Focus 
on output (yield) with consequences such as increased nonpoint-source pollution. (B) The shift 
(about-face) to input management, with focus’ on efficiency and reduction of costly and envi- 
ronmentally damaging inputs, so as to reduce nonpoint-source pollution (after Odum 1989). 


Green Revolution technology. The bright side of these technologies has been the in- 
creased yield of food produced with less labor. Their dark side is the heavy use of fer- 
tilizers, pesticides, and machinery, which has resulted in widespread air, water, and 
soil pollution; the development of resistant strains of pests; and serious rural unem- 
ployment. Another example is the coal-fired power plants that provide electricity for 
most of the United States, but also make a major contribution to acid rain. 

The point to be made here is that as we seek new technologies, we must be aware 
that they will have dark sides that must not only be anticipated, but also dealt with 
based on sound ecological theory and research. Often, what is needed is a counter- 
technology that will at least ameliorate the detrimental effects. In agriculture, for ex- 
ample, conservation tillage or alternative agriculture is a countertechnology that is 
being widely adopted. In the case of power plants, “clean coal” technology that would 
eliminate acid emissions is available. . 


- Input Management 


“The solution to pollution has been dilution” (find some place to dump it). “Now the 
solution must be source reduction” (E. P. Odum 1989, 1998a, 1998c). The strategy 
of managitig inputs rather than outputs was first mentioned in Chapter 1 as an “about- 
face” that is necessary in order to reduce pollution. Input management of production 
systems (such as agriculture, power plants, and manufacturing) is a practical and eco- 
nomically feasible approach to improving and sustaining the quality of life-support 
systems. This concept is illustrated in Figure 11-1. As Figure 11-1A shows, attention 
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in the past has focused on increasing outputs—that is, yields—by pouring in resources 
(such as fertilizers and fossil fuels) without much regard to efficiency or to the 
amount of unwanted outputs (such as nonpoint pollution) created. Input manage- 
ment involves an about-face, as shown in Figure 11-1B, with the goal of reducing in- 
puts to only those that can be efficiently converted to the desired product. Input man- 
agement can also be called top-down management because it involves assessing inputs 
to the whole system (such as the external forcing functions) first, then internal dy- 
namics and outputs second. Applying the concept to wastes means that waste reduc- 
tion takes precedence over waste disposal. 

Professor Luo Shi Ming of South China Agricultural University suggested that the 
proper path for less developed countries to take in developing their agriculture is to 
bypass the wasteful, high-input stage and go directly from traditional agriculture to 
new reduced-input practices, as shown in the graphic model depicted in Figure 9-18C. 
Why not employ the same strategy for industrial development? To reduce and elim- 
inate toxic wastes at their source will require a combination of regulations and in- 
centives in order to establish a sustainable society (Barrett 1989). 


Restoration Ecology Revisited 


Because so much of the environment has been damaged beyond nature's ability to re- 
pair it, restoring damaged ecosystems is becoming big business. Restoration ecology 
focuses on restoring landscape heterogeneity and patterns that have been altered by 
human disturbance. Figure 11-2 illustrates the Dust Bowl of the 1930s caused by hu- 
man disturbance. A better understanding of soil ecology, appropriate agricultural 
practices, and a renewed conservation ethic have largely restored these damaged 
landscapes. This focus also increases the conservation value of fragmented land- 


scapes and develops a close relationship with the field of landscape ecology. Ways 


and means of restoring wetlands that were drained or destroyed before their value 


Figure 11-2. An extreme example of 
soil erosion by wind occurred during the 


Dust Bowl in the 1930s. 
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as life-support buffers was recognized are an especially active area of research. A pio- 
neer in developing the new field of restoration ecology is John Cairns, Jr. Since 1971, 
he has written and edited several large books on the subject. He presented a number 
of case studies in a report, that he organized for the National Academy of Sciences 


- (NAS; 1992). In reviewing such environmental engineering projects, it is evident that 


they are most successful when four key groups work together in a coordinated man- 
ner—namely, (1) civic interests; (2) government agencies (provincial, regional, and 
federal); (3) science and technology; and (4) business interests. When any one of 
these groups is not strongly involved, restoration and environmental engineering 
projects usually fail to achieve their long-term goals. There are three journals in the 
field of environmental engineering: Environmental Engineering, Ecological Engineering, 
and Restoration Ecology. 


Pulsing Paradigm Revisited 


In emphasizing youth-maturity development, we need to reemphasize that every- 
thing in the environment and in society pulses. The weather and the climate fluctu- 
ate, often in a rhythmic manner. The density of all animal populations fluctuates over 
time. Anything that approaches a long-term steady-state seems to be rare. Therefore, 
we ask, does the mature state pulse within itself, or does it age, as do individuals, and 
is it eventually replaced? C. S. Holling’s panarchy or cyclic hierarchy concept (Holling 
and Gunderson 2002) suggests that after r develops to K (and ecological succession 
is complete), the K or mature organization becomes less resilient and adaptive and 
collapses, to be followed by a new r to K development. Panarchy is a theory intended 
to transcend the boundaries of scale and discipline, and be capable of organizing 
understanding of economic, ecological, and institutional systems (in other words, it 
must explain situations where all three systems interact). Its focus is to rationalize the 
interplay between change and persistence. This cyclic or numerical model seems to 
occur in forests, and in some civilizations or cities in the past, but seems less appli- 
cable when it comes to oceans or large countries. Scale does seem to matter in this 
regard. i 


Scenarios 


Statement 


A scenario is an outline of a sequence of scenes or events, which, as used here, refers 
to possible future sequences of events that will determine the quality of survival of 
humanity. As examples, we present several scenarios that contrast optimistic and 
pessimistic futures. We do have choices. 


Examples 


We selected the following books and articles as examples of scenarios regarding pos- 
sible future relationships between humankind and nature. 
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Global Bioethics: Building on the Leopold Legacy, 
- by V. R. Potter (1988) 


In Figure 11-3, the left-hand sequence starts with the assumption that we will con- 
tinue to take the short-term view and restrict ethics and law to protecting and pro- 
moting the welfare of the individual (with little regard for the public welfare, assum- 
ing that what is good for the individual is always good for society and the world). The 
logical consequences of placing value only on the individual are continued rapid ex- 
pansion of world population and stressed and degraded life-support écosystems. To- 
gether, these will lead to a less than satisfactory life for all but perhaps a few very rich 
people, as air, food, and water will be increasingly poor in quality and food and wa- 
ter will be in short supply. 

The alternative scenario (the right-hand sequence in Fig. 11-3) is based on the as- 
sumption that humans will turn more and more to the long-term view, with value 
placed on species survival and on maintaining healthy ecosystems worldwide. The 
logical consequences of extending ethics and law to the species, ecosystem, and land- 
scape levels are reduced population growth (with stabilization and downsizing in this 
century) and healthy life-support systems, leading to favorable survival for all people 
and for all life. 


“Managing Planet Earth,” by W. C. Clark (1989) 


Because human predicaments differ dramatically in different parts of the world, pri- 
orities for seeking solutions must differ accordingly. In terms of economic condi- 
tions and population densities, W. C., Clark (1989) divided the world into the fol- 
lowing four regions: 






Figure 11-3. A survival model of two 
contrasting scenarios, a short-term view 
focused on the individual and a long- 
term view including species and eco- 
system levels (after Potter 1988). 
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* Low-income, high-density regions (such as India and Mexico), 
* Low-income, low-density regions (such as Amazonia and Malaya/Borneo), 


* High-income, low-density regions (such as the United States, Canada, and the 
oil-rich desert kingdoms); 


* High-income, high-density regions (such as Japan and northwestern Europe). 


In low-income countries, the first priority is reducing poverty, which means pro- 
moting sustainable economic growth. In high-density countries, reducing birth rates 
by family planning or other means should be paramount. Reducing waste and over- 
consumption of resources should be the first priority of high-income countries, which 
means shifting from quantitative to qualitative growth (true economic development). 
Most high-income countries are already well into the demographic transition (re- 
duction of their population growth rates). 

The essay “Sustainability Science” by Kates et al. (2001) reduced these four re- 
gions to two—the rich “North” and the poor “South.” Closing this divide is going to 
be difficult and will take time. 


“Visions, Values, Valuation, and the Need for an 
Ecological Economics,” by R. Costanza (2001) 


In an article entitled “Visions, Values, Valuation, and the Need for an Ecological Eco- 
nomics,” Costanza (2001) outlined four alternative visions of the future. These four 
visions of the future are based on whether resources are unlimited or limited, and on 
two worldviews—technological optimism and technological skepticism. These four 
visions are as follows: 


1. Star Trek. Fusion energy becomes a practical solution to most economic and en- 
vironmental problems. Leisure time increases because robots will do most of the 
work, and humans will colonize the solar system, so human populations can con- 
tinue to expand. 


2. Mad Max. No affordable alternative energy sources emerge as fossil fuel produc- 
tion declines. The world is ruled by transnational corporations whose employees 
live in guarded enclaves. 


3. Big Government. Government sanctions companies that fail to pursue public in- 
terests. Family planning stabilizes population and progressive taxes equalize 
incomes. 


4. Ecotopia. Ecological tax reforms favor ecologically beneficial technologies and in- 
dustries and punish polluters and resource depleters. Habitation patterns and in- 
creased social capital reduce the need for transportation and energy. A shift away 
from consumerism reduces waste. 


A Prosperous Way Down: Principles and Policies, 
by H. T. and E. C. Odum (2001) 


Faced with increasing shortages of high-quality energy, the world economy will have 
to stop growing soon and descend to a lower level of resource and energy consump- 
tion that is sustainable. The authors explained how our world can thrive and prosper 
in the future when humans live with less. They charted a way for modern civilization 
to diminish without a crash by making recommendations for a more equitable and 
cooperative world society. Specific suggestions are based on their evaluations of trends 
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in global populations, wealth distribution, energy sources, urban development, cap- 
italism and international trade, information technology, and education. 


` 


“Closing the Ecological Cycle: The Emergence 
of Integrative Science,” by G. W. Barrett (2001) 


As Figure 11-4 shows, ecology had its roots mainly in the biological sciences, ac- 
companied by an understanding of physics, chemistry, and mathematics. During the 
past two decades, a proliferation of emerging fields of study has evolved (an increase 
in “academic fragmentation”), which can be attributed to advances in the medical and 
ecological sciences, increased needs to implement policies focused on resource man- 
agement, challenges regarding environmental literacy, and the continuing develop- 
ment of innovative approaches to regional and global planning. Unfortunately, most 
institutions of higher learning are poorly equipped to administer and to provide 
resources to ensure the success of these challenges and opportunities. During the 
twenty-first century, institutions of higher learning, with an infrastructure based pri- 
marily on disciplinary education, will increasingly need to foster and establish ‘in- 
tegrative and transdisciplinary programs—termed integrative science—that are nec- 
essary to ensure a sustainable future. How will this academic fragmentation be 
addressed within colleges and universities to increase academic benefits, including a 
fair reward system for its participants? Will resources be made available from a pleth- 
ora of governmental and private organizations, especially during a time of increased 


_ environmental illiteracy, to address these issues and to meet these challenges? 


Colleges and universities that evolved based on disciplinary cornerstones 
(Fig. 11-4) now face the challenge to administer emerging, integrative programs in a 
cost-effective and intellectually challenging manner. Interesting enough, ecology— 
the study of the “home” or “total environment’—appears best equipped to guide 
higher learning (teaching, research, and service) into a world requiring a holistic ap- 
proach to problem solving, global planning, ecological literacy, and resource man- 
agement. Will ecology provide an underpinning for a transdisciplinary, integrative 
science in the future? A sustainable future likely depends on meeting this challenge. 


The Future of Life, by E. O. Wilson (2002) 


Edward O. Wilson, in his book The Future of Life (Wilson 2002), noted two bottle- 
necks that must be addressed during the coming decades—namely, the increase of 
human populations and the rate of consumption of natural resources. He noted that 
humanity managed collaterally to decimate the natural environment and to draw 
down the nonrenewable resources of planet Earth. Wilson suggested that the chal- 
lenge of the twenty-first century is how best to shift to a culture of permgnence, both 
for ourselves and for the ecosphere that sustains us. Wilson, among others, noted that 
we have entered the “Century of the Environment.” 

As the annual rate of human population increase is about 1.4 percent, this adds 
200,000 humans each day to the human population, or the equivalent of the popu- 


lation of a large city each week. During the twentieth century, more people were 


added to the planet than in all of previous human history. When Homo sapiens passed 
the six billion mark on 12 October 1999, we as a species had already exceeded ap- 
proximately 100 times the biomass of any other large animal species that ever existed 
on land. All life cannot afford another century like that. 

The constraints of the biosphere are fixed; thus, the bottleneck of consumption, 





PERITA 


ave EOOSYS Tey, i 


Biology _ 


















Geology 









Natural 
sciences 


Biology 










b I 









I 
Zoology 





Physics Chemistry 







Mathematics 









A I 
r l 
I ! 
I I 
i ! 
I l 
I I \ 
l Levels of l i 
l organization i \ 
l \ 
I : l \ 
i Temporal/spatia! scale ! \ 
\ 
i 6 i \ 
i \ 
\ NOOSYS i 
\ ave TEM f 
i 
I 







d Biophysics & : 
Problem biochemistry Genetics 
solving 






Sustainability 










Organismal 
biology Biological 
m sciences 





anna Q002 
1960-1980 





Integrative 
science 








Molecular 
<" biology 





















1980-2000 


a 


es gical and perturbation Scieng 


es ; 
Ecological 
toxicology Disease 


Disturbance ecology 
ecology 
oy Radiation 


Global ` 
planning 


Synthesis 





Resource 
management 

















Human health 





f § ecology 

& Environmental Urban 
3 ethics ecology 
5 Environmental ECOLOGICAL Landscape 
5 law & policy. SCIENCES ecology 
3 Ecological Wildlife 

b education management 


„Ecological Conservation 
economics biology 
Ecological Restoration 


engineering Ecosystem ecology 
health 
Eo f E ce? . $ 


Oj —~ orl 
seal health and restoration sce 














SECTION 4 Scenarios 477 


or the capacity of Earth to support our species, is real. For example, humankind 
already appropriates 40 percent of the planet's organic matter produced by green 
plants. Wilson considered the People’s Republic of China as the epicenter of envi- 
ronmental change. Its human population was 1.2 billion in 2000 (one fifth of the 
world’s total population). The people of China have exhibited highly intelligent and 
innovative solutions for survival. Today, for example, China and the United States are 
the two leading grain producers of the world. However, the huge population of China 
is on the verge of consuming more than it can produce. The U.S. National Intelligence 
Council (NIC) predicts that China will need to import 175 million tons of grain an- 
nually by 2025. Constraints such as water for irrigation are being addressed by the 
Chinese government by building the Xiaolangdi Dam, which will be exceeded in size 
only by the Three Gorges Dam on the Yangtze River. The problem (bottleneck), re- 
source experts agree, cannot be solved entirely by hydrological engineering. Changes 
must include shifts in agricultural practices, strict water conservation measures, and 
addressing problems related to water pollution. 

Wilson stressed that environmentalism—his definition of the guiding principle of 
those devoted to the health of the planet—needs to become a worldview. He sug- 
gested that indifference to the environment springs from deep within human nature, 
and noted that the human brain evidently evolved to commit itself emotionally only 
to a small piece of geography, a limited band of kinship, and only two or three gen- 
erations into the future. The great dilemma of environmental reasoning stems from 
the conflict between short-term and lorig-term values. To combine both visions in or- 
der to create a universal environmental ethic is very difficult. A universal environmen- 
tal ethic may be a guide by which all life can be safely conducted through the bottle- 
neck into which humans have blundered. 


Long-Term Transitions 


A summary of youth-maturity parallels between human and ecological systems and 
long-term prerequisites for achiéving maturity is given in Table 11-1. If human soci- 
ety can make these transitions, then we can be optimistic about the future of human- 
kind. To do this, we must merge the “study of the household” (ecology) and the “man- 
agement of the household” (economics), and ethics must include environmental values 
with human values. Accordingly, bringing together the three “E’s” of ecology, eco- 


nomics, and ethics creates a holism commensurate with the great challenge for the ` 


future. The late Donella Meadows summarized the future of humanity under the 
heading “Just So Much and No More”: 


The first commandment of economics is: Grow. Grow forever. Companies must 
get bigger. National economies need to swell by a certain percent each year. 
People should want more, make more, earn more, spend more—ever more. 





Figure 11-4. (opposite) A historical perspective (1850-2000) depicting the evolution of 
ecology and related ecological sciences. This diagram illustrates the disciplinary fragmentation 
of biology and ecology in a clockwise fashion, leading to a more transdisciplinary and inte- 
grated science. (From Barrett, G. W. 2001. Closing the ecological cycle: The emergence of in- 
tegrative science. Ecosystem health 7:79-84. Copyright 2001 Blackwell Publishing.) 
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Table 11-1 


Youth-maturity parallels between individual, biotic community, and society; 
prerequisites for achieving maturity 
i 


Youth-maturity parallels 


Prerequisites for maturity 
(sustainability) 


The ultimate measure 





Individual: Transition is 
called adolescence. 


Market capitalism —> 
dual capitalism 


Ecosystem: 
P = R (When R exceeds 


Biotic community: P, the system cannot be 
Transition is called sustained.) 
ecological succession. 


Energy flow shift: In early 
development, the major 
flow of energy must be 
directed to growth. In 
later development, an 
increasing proportion of 
available energy must be 
directed to maintenance 
and control of disorder. 


Competition vs. Coopera- 
tion: In nature and society, 
cooperation pays when 
systems get.complex and 
resources are limiting. 


Network “Law”: The cost 
of maintenance (C) in- 
creases as a power 
function—roughly, as a 
square of the number 

of network services (N). 
For example, as a city 
doubles in size, the cost 
of maintenance more 
than doubles f 


Quantitative growth > 
qualitative growth 


Haphazard development > 
regional or landscape- 
level land-use planning 


Competition —> mutualism 
(confrontation > 
cooperation) 


Population: 
Natality = mortality 


Biotic community: 
Production = respiration 


Society: 
Production = maintenance 


SR a Pa 


The first commandment of the Earth is: Enough. Just so much and no more. 
Just-so much soil. Just so much water. Just so much sunshine. Everything born 
of the Earth grows to its appropriate size and then stops. The planet does not 
get bigger, it gets better. Its creatures learn, mature, diversify, evolve, create 
amazing beauty and novelty and complexity, but live within absolute limits. 


(Meadows 1996) 


To bring about the needed change and merger of the three E's, we need to add the 


two “C’s”-—consensus and coalition. Finally, if we can “dualize” current capitalism by 
combining human-produced goods and services with life-support goods and services 
(in other words, combining human and natural capital), we can really be optimistic 
about the future. For an overview of frontiers in ecology and suggestions to strengthen 
the science of ecology, we refer students to Thompson et al. (2001) and Belovsky 
et al. (2004), respectively. 
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T his chapter is designed to challenge students with statistical thinking. It will < 
demonstrate the value of data and statistics as tools for assembling evidence in - 
ecosystem science and may well apply to ecology in a broader context. It is not in 
tended to run the gamut of fundamental statistical methods. There are many text 
books that do that, of which Steel and Torrie (1980) is the exemplary reference. Ecol 
ogy students should also be familiar with past and current contents of some statistical “ 
journals, such as the American Statistician or Biometrics. But read no more if further & 
inquiry is not an exciting prospect. A passion for discovery is cultivated by a will 
ingness to be temporarily ignorant. 


Ecosystems and Scale 


Statement 


Ecology is a matter of scale. For instance, autotrophs, food webs, and watersheds are 
ecosystem features at the systemic scale, whereas allelopathic phytotoxins and micro- 
parasites are features of ecosystems at the other end of the scale. But what we think 
we know about nature at any scale must be supported by the data—a sometimes 
daunting statistical challenge even when using the widely respected methods of ex- 
perimental design (that is, statistical planning for conducting an experiment; see 
Scheiner 1993). Such methods are seldom performed, or indeed can be performed, 
at the whole ecosystem scale. Thus, standard statistical methods (staples of college sci- 
ence) may not always apply, but the principles of statistical thinking will. That is the 
basic premise of this chapter. 


Explanation 


Understanding our environment at large scales requires thinking about nature within 
the context of a system—the overarching message of the first edition of Fundamen- 
tals of Ecology (E. P. Odum 1953). In the preface of the second edition, E. P. Odum 
(1959) defined ecosystem science with enviable brevity as “nature’s population prob- 
lems and . . . use of Sun energy.” The capacity to measure the behavior of popula- 
tions, communities, ecosystems, or landscapes and the flow of solar energy through 
these levels of organization provides the basis for the hopeful mitigation of human 
impacts on the regulation of these systems (see Chapters 2 and 3). Measurement data 
are the intellectual currency for sustaining that compelling cause, and they must be 
obtainable, interpretable, and sufficiently free of equivocation before advances in eco- 
logical understanding will find value in human economics. 

Consider, for instance, the current controversies surrounding the global warm- 
ing of Earth. Walther et al. (2002) suggested that there is “ample evidence” for eco- 
system impacts from recent and global climate change. However, not every scientist 
agrees with the evidence in support of this purportedly large-scale trend. Michaels 
and Balling (2000) contended that the published recommendations on what to do 
about global warming do not verify the long-term data trends. Variation happens. Af- 
ter all, what goes up, must come down, and Michaels and Balling believe that plan- 
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etary “greenhouse gases” have been doing that for millennia. To them, the evidence 
(that is, the interpreted summary of the data) for a justifiable concern about global 
warming due to anthropogenic activity is equivocal at best and, if anything, supports 
a view that global warming has resulted in positive environmental outcomes. Michaels 
and Balling (2000) cited, for example, increases in agricultural production and de- 
creases in human mortality in recent years. Their principal concern was that govern- 
ment funding policies for scientific inquiry are misguided by the rush to be on the 
“side” of the environment. Taking action without knowledge is a dangerous thing. 
Large sums of money could be spent doing something before we know the appro- 
priate thing to do, and if science is to be a guide, data and politics must have equal 
footing, at least, in the decision. The ever-present imperative is to summarize the pre- 
ponderance of the evidence. Suffice it to say that there are reputable scientists on both 
sides of nearly every large-scale issue. 

Methods for getting unequivocal results (that is, reliable and consistently inter- 
preted data) are sometimes controversial and often limited by the scale at which ob- 
servations are made. Studies at microbial scales will undoubtedly yield much infor- 
mation about microbes, but much less about ecosystems, unless we study ecosystem 
processes (such as rates of decomposition) and patterns among the microbes in a geo- 
graphic frame of reference. Again, it is a matter of scale, whether in time or in space. 
An entire hectare of rain forest in Puerto Rico (H. T. Odum 1970), for example, was 
enclosed to measure ecosystem properties, rates, and throughputs. Certainly team- 
work among colleagues (see, for example, Likens et al. 1977) is essential for research 
projects with such a large scope. But consider the logistics or even the feasibility of a 
goal to compare by experimental design the evapotranspiration rates between single 
cubic hectares of rain forest on tropical islands and the Interior Amazon rain forest. 
This is the problem of using statistical methods developed at one scale that do not 
translate to another. A brief history of modern statistical methods will be discussed 
later. 

Fundamental concepts of experimental design include’ treatment (that is, action 
to produce. an effect), control (no action to confirm no effect), experimental unit 
(the item acted on), and randomization (a chance-mediated assignment of items to 
treatments, to reduce researcher bias). Consider if controlled experimental designs 
should apply to every scale of investigation, whether microcosm or macrocosm, or- 
ganismal or landscape, subatomic or cosmological. If the concept of treatment versus 
control is essential to planning an experiment, can we randomly assign entire eco- 
systems to a treatment and others to the control? If assigning a whole ecosystem (the 
experimental unit), not to mention an entire galaxy, to the control is out of the ques- 
tion, can efforts to understand these systems still be called science? Yes—on condi- 
tion that we obtain reliable data. The methods for studying galaxies and old fields 
may be different and are certainly scale dependent, but we are justified in calling 
these investigations science if we carefully collect the data to which our hypotheses 
~ direct us. 

Horgan (1996) gave an intriguing account of his interview with Roger Penrose, 
the well-known cosmologist, and of his subsequent attendance at a philosophy sym- 
posium at Gustavus Adolfus College in Minnesota. The fundamental tenet of both 
discussion forums was the disquieting prospect that we are fast approaching the “end 
` of science” (as we know it, of course)! Astrophysicists, cosmologists, and other uni- 
versally big thinkers in the scientific community —the ones whose quest it is to search 
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out the deep things of physical reality—are all perilously close to drowning in their 
speculative hypotheses—hypotheses that generate few if any testable predictions. 
Horgan called this predicament “ironic science.” Whether in physical science or nat- 
ural science, the bedrock of believability is the same—data. If guesses about the 
structure of nature recommend no measurable quantity for inquiry, then no matter 
how exciting the prospect evoked by these guesses, no matter how weird or wonder- 
ful the views of nature they promote; they are more likely just good science fiction. 
In other words, if the real explanation cannot be made evident, we cannot know it. 
Ecosystem-level explanations on how Earth works require data to be obtainable and 
interpretable for these explanations to be believable or useful. 


2 Theory, Knowledge, and Research Design 


Statement 


Measurement and observation are crucial activities for obtaining knowledge, but it is 
not enough to collect and assemble data for the purpose of describing what is there. 
Mere data do not lead to knowledge—a viewpoint held and fostered by the world- 
renowned statistician W. Edwards Deming (1993). Data in “raw” or even summa- 
rized condition are just information, like yesterday's NBA game scores. Knowledge 
comes from the theory that provides the incentive to collect the data. Without prior 
predictability, without an examined expectation for what should be found in the 
ecosphere, we cannot claim to know much about it. 


Explanation 


It is one thing to report the NBA game scores, and quite another to have predicted 
them. The latter demonstrates knowledge convincingly, and the key to that knowl- 
edge is theory, expectation, and hypothesis—the creative, tentative explanations for 
why nature is the way it is and tends to stay that way. Data, therefore, become the 
exciting prospect for demonstrating that we know what we think we know. This 
leads to a fundamental principle of data collection, which I refer to as the Tuckfield 
maxim—namely, that data collected for some general or unspecified purpose can answer 
very few specific questions. We are cheerfully free to generate as many explanations as 
we want, but only the specific data can indicate which, if any, explanation may be 
right. Here, then, is no small challenge for stúdents of ecosystem ecology—namely, 
determining the data that must be obtained and then interpreting the data that are ob- 
tained to see how well they match our predictions. . . 

On one occasion, Henry Eyring, a distinguished chemist from the University of 
Utah, visited Battelle Memorial Institution (Ralph Thomas, personal communica- 
tion). The chemists of the institution were assembled and asked to give brief presen- 
tations of their work. Eyring asked one young man just what he expected to find by 
conducting his experiment. He replied that he did not know; that was why he was 
doing the experiment. Eyring then asked the aspiring chemist how he could learn 
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anything from the outcome of his experiment if he had no expectation regarding 
what he should find—the point being that it is what one thinks one is going to learn 
that forms the basis for what one will learn, regardless of the outcome. Eyring, Dem- 
ing, and others hold that there is no knowledge without theory. 

Theory leads to the important work of study or research design, which is also 
scale dependent. One cannot interpret the data one obtains without a prior research 
design and a corresponding expectation of the results. The complication is that large- 
scale research often limits design features such as sample size (the number of ex- 
perimental units measured). Sample size is a standard feature of research design, as 
is the power (the probability of detecting a significant treatment effect when in fact 

_ there is one) of the subsequent statistical tests that derive from the design. Given a 
specific sample size, effect size (magnitude of treatment effect), and error acceptance 
criterion (the risk one is willing to take of making a wrong conclusion), one can cal- 
culate the statistical power of the study design. Most textbooks in applied statistical 
methods (see Steel and Torrie 1980) illustrate this principle. The careful researcher, 
however, will not focus exclusively on sample size—an all too common shortcom- 
ing of many field ecologists. 

Hurlbert (1984) has discussed a frequent research design mistake termed pseudo- 
replication. The most common form of pseudoreplication occurs when researchers 
attempt to increase sample size by measuring the same experimental unit at short 
successive time intervals and treating all such observations as independent (uncor- 
related), identically distributed (according to the same mathematical probability 
function), random variables (quantities that vary in measurement value due only to 
chance or treatment). Such measurements are not eureplicates (true replicates), 
meaning different experimental units with a completely separate treatment response. 
The measurement of an experimental unit at time t + 1 will be more or less corre- 
lated with a measurement of that same experimental unit at time t, depending on the 
length of the intervening time interval. The consequence of pseudoreplication is an 
underestimate of random variation (an estimate of the measurement dispersion 
around the most likely value of a random variable) among experimental units treated 
alike and results in declaring a statistically significant tr treatment effect more often than 

_we should: 

Recent authors (Heffner et al. 1996; Cilek and Mulrennan 1997; J. Riley and Ed- 
wards 1998; GarciaBerthou and Hurlbert 1999; Morrison and Morris 2000; Ramirez 
et al. 2000; Kroodsma et al. 2001) have amplified this design principle of pseudo- 
replicate avoidance in diverse scientific disciplines. Others (Oksanen 2001; Schank 
2001; Van Mantgem et al. 2001), however, have questioned its relevance as an or- 
dering concept in research design, especially regarding large-scale ecological research. 
Researchers frequently give too much attention to verifying the parametric statistical 
assumption of normality (data conforming to a bell-shaped curve of the normal 
probability distribution) when the more vital concern is ensuring statistical inde- 
pendence among sample measurements, which avoids pseudoreplication. A careful 
sampling plan promotes a reliable estimate of the variability among different, com- 
pletely ‘independent experimental units. Without such a reliable estimate, subsequent 
statistical inferences (conclusions based on mathematical summaries of the data) are 
not meaningful. Departures from normality can often be amended after the sampling 

is completed; departures from statistical independence cannot. But we will explain 

later why pseudoreplication at the ecosystem scale is a comparatively lesser issue. 
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3 The Ecological Study Unit 


Statement 


The physical size of the ESU (ecological study unit) demands careful consideration 
before a study begins. Forging ahead with traditional statistical design principles 
when the ESU is large may not yield reliable or expected results. This is a common 
problem in research design that often results from consulting a statistician only after 
the study is over. This represents a latent feedback approach to scientific investiga- 
tion—latent because we are likely to discover features that could have been included 
in the experiment. 


Explanation 


Because experiments are costly enterprises, it is understandable why students and re- 
searchers alike desire a definitive outcome for their effort. But collecting some data to 
see what they tell one is a practice that should repeatedly evoke skepticism. This is 
simply trial and error, not design. Research design is a “feed-forward” process. It is 
the initial phase of every experiment and should drive the subsequent data collection 
effort—always. How one will later analyze the data is also part of the design and 
avoids the typical post hoc decision quandary about choosing a method that will yield 
statistical significance. 

For constructing hypothesis tests about why some ants are red and others are 
black, for example (G. E. P. Box et al. 1978), a controlled experimental design is a use- 
ful method. Finding enough ESUs should not be a problem. But should we expect ef- 
fective designs at one scale to apply to all scales? For example, should we expect a de- 
sign used to discover why the upland sandpipers (Bartramia longicauda) do not breed 
on their wintering grounds in Argentina (where it is the breeding season for native 
birds) to be equally effective in testing hypotheses about greater carbon sequestration 
in tropical compared to temperate forest ecosystems? Even if the same experimental 
design could be applied, getting enough ESUs to allow reliable statistical inferences 
becomes increasingly unlikely with increasing scale. It is not that ecosystem ecolo- 
gists lack sufficient determination, nor can they be accused of being small thinkers. 
It is just a property of nature that large-scale emergent patterns and effects are diffi- 
cult to identify from small-scale investigations. Collecting enough data to make a 
strong inference at the intended research scale is a problem with modern statistical 
methods. Simply put, ants are more numerous than sandpipers, sandpipers are more 
numerous than rain forests, and rain forests are more numerous than . . . well, plan- 
ets—at least for treatment purposes. With each increment in scale, the statistical re- 
quirements of standard experimental designs are less and less achievable. Design 
implementation is always fraught with practical impediments that can only be ad- 
dressed in the hour of need and that multiply with the scale of the ESU. Unless we 
can devise data analysis methods that are scale independent—that generate equally 
reliable results regardless of sample size—research designs are likely to be as unique 
to the scale of research as they are common to the scientific discipline. The ant and 
sandpiper scales permit the use of experimental controls, but it is unlikely that the 
same could be said for rain forests and planets. 

Ecologists are keenly aware of this problem. E. P. Odum (1984) advocated the use 
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of the field-scale mesocosm as an extension of the bench-scale microcosm to under- 
stand more fully how macrocosms behave (see Chapter 2). The intent was to bridge 
the gap between the closed, laboratory-sized experimental systems and the large, com- 
plex, open systems of living things powered by the energy of the Sun and modified 
by regional geology. This concept is certainly an advance in research scale and gives 
the opportunity to observe, quantify, and elucidate patterns of functionality that are 
otherwise unobservable. The suggestion is obvious: the next task is to create meta- 
cosms (worlds between the meso and macro scale) for ecosystem research. It is an- 
other step up in scale— one that would identify patterns and principles of ecdsystem 
function and that would require even smaller leaps of extrapolation about what is 
going on in the ecosphere. The problem, of course, is that the larger the scale, the 
greater the sampling complexity, and the fewer the observations that we can feasibly 
acquire. The latter means that the widely extolled and reliable statistical methods de- 
veloped for small-scale experimental research will be increasingly difficult to apply to 
large-scale investigations. 

Moreover, the larger the ESU, the more similar individual ESUs will be to one an- 
other (J. Vaun McArthur, personal communication). This results in treating unlike 
things alike, whether biotic or abiotic—the very antithesis of the principle of exper- 
imental design. The more alike ESUs are in the experiment, the more measurement 
precision we acquire in detecting treatment effects. This can be illustrated clearly in 
the simplest of experimental designs, which have only one main effect (treatment) 
with multiple treatment levels (graduated quantities or types of treatment), a so- 
called “one-way design.” Typically, the less similarity among ESUs, the more response 
variation there will be to a treatment. The variation between treatments is less likely 
to dominate, and the treatment effect, therefore—if there is one—will not be de- 
tectable. The only recourse is to increase the sample size (n)) for all treatment levels 
(j = 1,...,h). This is because the unbiased estimate (67) of the true response vari- 
ance (0°) ia all ESUs in the population is calculated as the near-average sum of 
squared deviations from the response mean, or 
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where 


(ĉ) is the sample response variation for the jth treatment and an estimate of the 
corresponding population response variation (0), 


X; is the ith response measurement for the jth treatment, 


X; is the sample average (mean) response measurement and is an estimate of 4, 
the population average for the jth treatment, 


and 


n, is the number of experimental units (that is, replicates) measured for the 
jth treatment. 
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Note that as n; increases, equation (2) decreases. The worst case is when the experi- 
mental units or ESUs are so dissimilar as to make it impossible to distinguish the re- 
sponse differences due to treatments from response differences due to variance be- 
tween ESUs. This undesirable outcome is called confounding and is precisely what 
designed experiments ideally attempt to avoid. 

To illustrate, let us hypothetically compare a treatment method for reversing the 
effects of freshwater lake eutrophication with a control. Freshwater lakes are well- 
studied and distinct ecosystems. Our ESU is a lake. Suppose that we want to restrict 
our scope of inference (target population and breadth of conclusion generality) to 
eutrophic lakes in the southeastern United States, in order to reduce travel costs and 
to reduce extraneous sources of variation due to differing climates and watershed 
chemistry. We will be careful to randomly assign each eutrophic lake selected for 
study to either the treatment or the control condition. The study will begin in the fall, 
and we will measure the success of this treatment method by measuring the phos- 
phorus concentrations in 12 epilimnion water samples collected during spring turn- 
over (see Chapter 2 on lake dynamics). Twelve sample measurements per treatment 
would seem to be enough. The problem here is that we want to say something about 
lake-to-lake responses to the treatments, not sample-to-sample responses. We will 
need more lakes (more eureplicates) in each treatment category and fewer repeated 
measurements within lakes. Aside from logistical and technical feasibility, the fact is 
that lakes with very similar surface areas and volumetric measurements can be very 

: different biologically, as reflected in species richness and biodiversity measures at a 
variety of levels of organization (see Chapter 2). Even if we could show a treatment 
effect, the reliability of the predicted response for lakes other than the ones treated in 
the study is questionable. This is an undesirable consequence for the ecologist, who 
wants to say something more general about eutrophic lakes and term it knowledge. 


4 Inference Methods and Reliability 


Statement 


The axiom of nature revealed in the previous section may be termed the inference- 
ae reliability tradeoff, and is illustrated in Figure 12-1. The scope of inference is in- 
' versely proportional to the scale of the ESU. An experimental treatment may be ap- 
plied to large-scale (>10° m? or >10° m’) ESUs, should the research funding be 
sufficient, but any inference regarding a typical measurement response from another 
ESU on the same scale is questionable. Broad conclusions can only come from the 
narrowest of differences among the ESUs themselves. 





Explanation 


The aforementioned axiom-simply means that we will demonstrate a statistically 
significant treatment effect at traditionally selected significance levels (maximum 
acceptable percentage chance of an erroneous conclusion) when the p value is at a 
p < .05 level of probability among large-scale ESUs treated alike. If we let p repre- 
sent the probability of getting the data we did when in fact the treatment has no ef- 
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Figure 12-1. An illustration of the ecological axiom 
called the inference-reliability tradeoff, where gener- 
alization about the treatment response of other eco- 
logical study units (ESUs) based on the results of a 
controlled experimental design are increasingly dimin- 
ished in scope with increasing size of the ESU. 


Broad 


Scope of inductive inference 


Narrow 


Small Large 
Scale of ESU 


fect, we use a p-value to represent the probability of being wrong—of concluding 
that treatment effects are real when they are not. For instance, p < .05 means that we 
would expect to obtain data like those we collected only 5 percent of the time if our 
null hypothesis is true. This is fundamental thinking in the discipline of statistics. 

Modern statistical inference and data analysis methods were largely developed in 
the twentieth century (Salsburg 2001) to test hypotheses about relatively small-scale, 
observable phenomena. Many investigations were undertaken in Great Britain and in 
the United States to discover more effective crop varieties, rates of fertilizer applica- 
tion, or growing conditions where the experimental unit was the plot of soil or even 
the individual plant. Experimental units, like ESUs, are the entities measured in re- 
sponse to the experimental treatment. In agricultural science, however, experimental 
units are relatively small and very much alike. In fact, the more alike they are, the less 
response variation there will be to the same treatment, which means that treatment- 
to-treatment variation in the response should dominate —if the treatment is effective. 
Treating like things alike, as discussed earlier, is the key to a successful experiment, 
at least at scales well below entities like ecosystems or landscapes, and maybe even 
landscape patches (see Chapter 9). 

Salsburg (2001) described the impact of one statistician, R. A. Fisher, on the de- 
velopment of statistics as a modern scientific discipline, portraying the state of affairs 
among experimenters in the late nineteenth and early twentieth centuries as a “mess 
of confusion and vast troves of unpublished and useless data.” This was particularly 
true of agricultural research. Salsburg (2001) stated that, 





The Rothamsted Agriciiltural Experimental Station, where Fisher worked . . . 
had been experimenting with different fertilizer components (called “artificial 
manures”) . . . for almost ninety years before he arrived. In a typical experi- 
ment, the workers would spread a mixture of phosphate and nitrogen salts over 
an entire field, plant grain, and measure the size of the harvest, along with the 
amount of rainfall that summer. . . Fisher then examined the data on rainfall 
and crop production . . . and showed that the effects of different weather from 
year to year were far greater than any effect of different fertilizers. To use a word 
Fisher developed later in his theory of experimental design, the year-to-year dif- 
ferences in weather and year-to-year differences in artificial manures were “con- 
founded.” This means that there was no way to pull them apart using data from 
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Figure 12-2. Illustration of the rela- 1.04 

tion between the feasibility difference BS ope cel a ge 
(Fi) between experimental and obser- 

vational studies and the scale (size) of 
the associated ecological study units 
(ESUs). Fy is positive because it is cal- 
culated as observational minus experi- 
mental feasibility. Note the much more 
rapid increase in study implementation 
costs expected for experimental studies 
for'a given ESU scale and the predicted 
disproportionate cost disparity between 0.0 
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these experiments. Ninety years of experimentation and twenty years of dispute 
had been an almost useless waste of effort! Agricultural scientists recognized the 
great value of Fisher’s work on experimental design. And [his] methods were 
soon dominating schools of agriculture in most of the English-speaking world. 


Experimental design, as a statistical method for obtaining knowledge, has been 
adopted by many if not most branches of natural science. The boon of this method- 
ology to science is the structure it provides for making reliable inductive (reasoning 
from specific to general conclusions) inferences. However, a comparable statistical 
method for partitioning the “noise” from the “signal” at the system, cycle, or global 
scale does not exist, principally because the experimental units are dissimilar, difficult 
to define, and too few in number to yield a sufficiently powerful statistical inference. 

Ecosystem ecology, however, is like another holistic science, namely, cosmology. 
It is no more feasible to apply the designed experimental methods of R. A. Fisher to 
study solar systems than it is to apply them to the study of large-scale ecosystems or 

š l landscapes. Holistic science, incidentally, is considered nearly an oxymoron by most 
statisticians, given the deep historical roots of Baconian tradition and reductionist cul- 
ture in Western civilization. Ecosystem ecology attempts to grasp the whole of what 
is going on biotically and abiotically in nature, but whether one upscales or down- 
scales the research to find out what is going on, there is always a tradeoff. 

Figure 12-2 illustrates the relationship between inference scale and study feasi- 
bility. Let us define feasibility as the degree of assurance that a particular study de- 
sign is logistically accomplishable, ranging in value from 0 to 1. We will distinguish 
between the concepts of experimental and observational feasibility —the former based 
on the principles of controlled experimental design and the latter based on the prin- 
ciples of the hypothetico-deductive (reasoning from general to specific conclusions) 
inference method (Popper 1959), a method for verifying hypotheses by directed ob- 
servation. The human capacity to observe nature is greater than the human capacity 
to control it. In fact, without seemingly incredible technological advances (which 
most continue searching for), tractable experimental control can only be exerted on 
relatively small-scale ESUs. The larger the scale, the less the experimental control. Ex- 
perimental feasibility is much more dependent on scale than observational feasibil- 
ity. The latter, because of our capacity to observe, is always nearly 1—relatively 
speaking. Therefore, the simple difference of observational minus experimental fea- 
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sibility (Fap) is nearly 0 at small scales and nearly 1 at large scales. It is also likely that 
study implementation costs rise even faster with increasing study scale, as demon- 
strated by the willingness of the United States federal government to allocate billions 
of dollars to the National Aeronautics and Space Administration for the management 
of a space program (7.02 billion dollars for NASA in fiscal year 2003) compared with 
the million-dollar funding sources to the National Science Foundation for the study 
of ecosystems (0.09 billion dollars for NSF in fiscal year 2003). 

Figure 12-2 also illustrates the ever-widening gap between the cost of experi- 
mental and observational studies as a function of scale. It may be argued that exper- 
imental studies are preferred over observational studies regardless of cost, because 
experimental studies can eliminate equivocal results. However, uncertainty prevails 
and variation rules in every human endeavor. Frequently, the results of one experi- 
mental study do not agree with another, as is the case in medical studies concerning 
alcohol consumption and heart disease. 


Experimental versus Observational Method in Ecology 


Statement 


N 
An alternative to controlled ecological experiments, which are nearly infeasible at 
large scales, is the diligent search for predicted results by verifiable observations. 
There is power in observation—power to grasp by rumination over what we can dis- 
cern. Besides, there is not much choice. The alternative is no data—an unacceptable 
outcome if inquiries are to remain in the realm of science. 


Explanation 


Observation can identify undiscovered patterns and can generate ideas about what 
we should expect to find. Robert H. MacArthur, a gifted population ecologist and 
able mathematician, held this viewpoint. In his book Geographical Ecology, MacArthur 
(1972) said that “to do science is to search for patterns, not simply to accumulate 
facts.” He attempted to counter a public misconception about the seemingly cold and 
calculated character of science that supposedly robbed nature of aesthetic quality: 


Doing science is not such a barrier to feeling or such a dehumanizing influence 
as is often made out. It does not take the beauty from nature. The only rules of 
scientific method are honest observations and accurate logic. To be great sci- 
ence it must also be guided by judgement, almost an instinct, for what is worth 
studying. 


Feeling, beauty, judgment? MacArthur's point was that the human endeavor called sci- 
ence is, at the root, observation driven by the passion for insight and understanding. 

Consider the power of a single observation made in 1919 that confirmed an in- 
triguing prediction—a measurement that forever removed Newtonian physics from 
its pedestal. Arthur S. Eddington, a noted British astronomer, was one of a few sci- 
entists who grasped the fundamentals of Einstein's general theory of relativity. He 
proposed to test a prediction of the theory—that light could be bent by the gravita- 
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uonal force of massive celestial objects like the Sun. He organized an expedition, 
Principe Island located near the coast of West Africa in May 1919 to observe a 
eclipse. Knowing the positions of certain stars relative to Earth as it revolves ar 
the Sun, a Newtonian astronomer can calculate the exact time of a specific ap 
ance of a star as its starlight emerges tangentially from behind the obscuring säi 
disk. If this star were to appear in a photograph before its calculated time of appeaga 
ance (because its light was bent by the Suns gravity), it would be consistent with 
prediction of Einstein. Eddington’s photographic plates did indeed capture such sti 
light (McCrea 1991) and provided evidence in favor of Einstein's theory. It was no 
controlled experiment, but it was an observational experiment— one that is eminent 
repeatable by anyone in possession of the same measurement technology. In short, thé 
power of this observation was in turning the seemingly intestable into the verifiable 


6 Statistical Thinking in Ecology 


Statement 


Gaining knowledge about ecosystems and landscapes and about large-scale inter- 
relationships between biotic and abiotic phenomena has more to do with statistical 
thinking than with statistical tests and more with sampling uncertainty than with 
sample size. Statistical thinking is a concept borrowed from Snee (1990). It is of- 
fered as a practical paradigm (example, pattern, or archetype) for the pursuit of eco- 
logical knowledge, founded on just three principles: 


* All natural processes occur within the context of a system. — 


* Process measurement is fraught with variation and uncertainty. 


e The weight of evidence from multiple observations and different measurement col- 
S P 


lections, effectively and visually portrayed, is crucial to judging the merit of any 


explanation or hypothesis about the natural processes for which the data were 
collected. 


Without such an approach, neither students, colleagues, nor the public will be con- 
vinced that anything is known about ecosystems, global warming, or continental car- 
tying capacity (see Chapters 2, 4, and 6), and the influence of ecology on the social 
stewardship of the environment will diminish. 


‘Explanation 


Let us briefly review what a knowledge of statistics provides as part of science edu- 

cation. The intent here is simply to assess what is pertinent in statistical methods to 

increase our understanding about ecosystems. -= 
First, statistics has become as essential to a balanced education in ecology as evo- l ] 

lutionary biology or genetics. This is largely due to the influence of Karl Pearson, who 

founded the science of biometrics (Salsburg 2001), and to the impact of R. A. Fisher 

on multiple scientific disciplines. Fisher's (1935) work on the design of experiments, 

his methods for analysis of variance (ANOVA), the notion of statistical significance, 
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and the principle of randomizing experimental units to treatments have become the 
staples of careful research in the natural sciences, whether in the classroom, labora- 
tory, or field. Of equal importance to the future of ecology was Fisher's work The Ge- 
netical Theory of Natural Selection (Fisher 1930). More than any other of its day, this 
book was responsible for the synthesis of Mendelian genetics and Darwinian evolu- 
tionary theory by cogent argument based on statistics and mathematics. Provine 
(1971) stated that, 


Darwin's assumption of blending inheritance was that “the heritable variance is 
approximately halved in every generation.” Thus, Darwin's theory required the 
appearance of an enormous amount of new variation each generation. Fisher 
showed that Mendelian inheritance offered a solution to this problem in Dar- 
wins theory because it conserved the [statistical] variance in the population. 


Fisher had put statistical methods on the map for inquiring students of ecology. It 
was good timing as well for other emerging scientific disciplines at the beginning of 
the twentieth century (Barrett 2001). 

The essential concept that powerfully underlies modern statistical methods is that 
of the population. The population refers to the collection of all ESUs and is the usu- 
ally uncountable “ideal” of our scientific inquiry (see Chapter 6). As in Plato's well 
known assertion from the Republic (Book VII), the population is the immeasurable 
entity—the ponderous truth that we cannot know with certainty by our prescient ca- 
pacity and that can only be glimpsed from the shadows.we observe of it. In short, it 
is the unknowable ideal of reality that we call nature. The “shadows,” incidentally, are 
called samples (small subsets of the population), from which we gain hints and inti- 
mations about the population that is really there. Fisher’s (1930) foundational statis- 
tical precept was that large populations have more genetic variation than small pop- 
ulations in response to the environment; in consequence, genetic variation tends to 
preserve large populations and to threaten small populations. The quandary is that 
we can seldom measure every member of the population. We may redefine the pop- 
ulation to preserve countability, but we trivialize our intended inference in the pro- 
cess. Herein lies the brilliance and the limitation of statistical methods. Because it is 
too costly and often impractical to count or measure every member of the popula- 
tion, we must be content with taking a sample—a representative, small number of 
individuals (or ESUs) from which we may predict, envision, and infer the character 
and dynamics of the population. We trade the foolish quest for certainty for a wiser 
outcome with uncertainty (a measurable quantity of variation). 

As stated earlier, statistical methods may not always apply, but statistical think- 
ing will. The underlying, incontrovertible construct of this truism is that variation 
happens. Variation is as much a property of nature as is the boiling point of water at 
sea level (100° C). We simply cannot measure anything without error or uncertainty.. 
On the one hand, we posit what we think must be true about nature—that certain 
but unknowable ideal of reality. These are often bold assertions that derive from in- 
novative thinking and are buttressed by mathematical rigor. On the other hand, we 
seek to test these assertions about nature by measuring what we can of nature—by 
collecting and analyzing data. Einsteins viewpoint leaned toward the theoretical ideal. 
Uncertainty was not a property of interest in the physical world he studied, because 

he sought the Platonic ideal—what must be true and ultimately portrayable—by the 
spare language of mathematics. Einstein's conviction was that all things must derive 
from fixed properties and cosmic constants, regardless of how well we can measure 





492 CHAPTER 12 Statistical Thinking for Students of Ecology 











them. However, when it comes to corroborating knowledge about the natural wor 
it is requisite to match explanation with metric and expectation with measure 

Variation happens, whether among experimental units treated alike or in the 
servational measurement of greenhouse gases in the atmosphere. There are a va 
of causes of variation, most of which are unknown and, perhaps, unknowable. The 
we lump into the category, of random variation. They are causes that cannot be mat 
aged or manipulated—forces of chance that are a function of the sampling process 
much like reaching into an urn containing black and white marbles and counting 
number of black ones in successive handfuls. That number will vary with each han 
ful, but some values are likely to be more frequent than others. Systematic variati 
occurs, for example, when one researcher uses a NIST standard 1-liter bucket to add 
water to a mesocosm experiment. When this field technician goes on vacation, his or 
her untrained replacement uses a different bucket to continue the watering regimen. 
In the end, the recorded number of liters of water added differs from the actual num- 
ber by a fixed amount for each bucket added during vacation and systematically per- 
petuated after the technician's return. Distinguishing the difference between random and 
systematic variation is indispensable to the application of statistical thinking. 


7 The Nature of Evidence 


Statement 


Scientific theories are often depicted as deterministic (that is, without a context in 
probability or measurement uncertainty), as, for example, the theory of the propor- 
tionality of mass and energy or the theory of ecological efficiency. However, the cor- 
roboration or refutation of the theory rests with empirical results—the data—and 
one role of statistics in ecological science is to ensure that the research design will pro- 
vide pertinent data with measurable uncertainty and, therefore, sufficient evidence to 
test the theory (Tuckfield 2004). 


Explanation 


_ Note the word corroboration used in the Statement. It means “to support by addi- 
tional evidence.” This is a feature of what the philosopher Thomas Kuhn called “nor- 
mal” science (Kuhn 1970). Empirical evidence is amassed during those periods of 
human history when everyone is shoring up and corroborating the current or nor- 
mal view of the world. Karl Popper, another well-known philosopher of science, saw 
the concept of corroboration (Popper 1959) like driving piles into the muck. You do 
not have to drive them so deep that they strike bedrock, but deep enough to support 
the superstructure—the theory, the model, the current explanation for why things 
are the way they are. Certainty, however, is out of the question. The lack of success 
from repeated attempts to falsify a hypothesis only drives the piles deeper and deeper 
and portrays the understanding of nature as uncertain. Under the weakness of insuf- 
ficient evidence, the superstructure could topple. 

This falsification approach to doing science (Popper 1979) is like peeling leaves 
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from an artichoke to discard the falsehoods and expose, by successive refutations, the 
heart and veritable center of what must be true. Others hold that verifiable evidence 
accumulates until each of us has sufficient evidence to warrant belief in the theory. 
Most scientists find greater satisfaction in verifying hypotheses than in falsifying them. 
In fact, very few of the articles published in the journal Ecology that report the results 
of a statistical test are offerings toward hypothesis falsification rather than verifica- 
tion. What is summarized as verifiable insight is not depicted without judgment. What 
we are willing to accept as knowledge, if not by appeal to authority, is based on the 
extent of corroborated results—the weight of evidence. 


Examples 


Let us examine the widely acknowledged, fundamental tenet of the theory of ecologi- 
. cal efficiency, which states that only 10 percent of the energy at one trophic level is 
transferred to the next trophic level (Phillipson 1966; Kormondy 1969; Pianka 1978, 
Slobodkin 1980). Slobodkin (1980) defined the ecological efficiency of “trophic level 
x, which is fed upon by trophic level x + -, [as] the food consumption of trophic 
level x + 1 divided by the food consumption of trophic level x.” He cited an earlier 
study by Patten (1959) in which 10 different field estimates of ecological efficiency 
ranged from 5.5 percent to 13.3 percent. Kormondy (1969) quoted Slobodkin (evi- 
dently from personal communication) as believing that gross ecological efficiency “is 
of the order of 10 percent.” Pianka (1978) reported that “after standardization per 
unit area and unit time,” most ecologists would estimate ecological efficiency to be be- 
tween 10 and 20 percent. Slobodkin’s belief and Pianka’s contention are simply asser- 
tions about a property of nature with loosely defined features ard unquantified vari- 
ability. But the data are what provides the evidence for judging the merit of the theory. 
The first table in Patten’s (1959) paper summarizes the energy (gcal cm~? + year~') 
intake at each of four trophic levels (producer, P; herbivore, H; carnivore, C; and 
top carnivore; TC) for each of four aquatic ecosystems—Lake Mendota, Wisconsin 
(Juday 1940); Cedar Bog Lake, Minnesota (Lindeman 1942); Root Spring, Mairie 
(Teal 1957); and Silver Springs, Florida (H. T. Odum 1957). Although the sample 
size is small, the estimated average ecological efficiency among these four ESUs was 
90.5 percent for the H-P comparison; 11.7 percent for the C-H comparison; and 
4.6 percent for the TC-C comparison. Obviously, ecological efficiency is not 10 to 
20 percent regardless of the trophic levels involved. If this theory is important to eco- 
system management, then more reliable estimates are needed, which will likely de- 
pend on latitude as well as trophic level. . 

Let us examine some evidence from real lake experiments. Schindler (1990) 
provided an excellent summary of findings for the experimental manipulation of 
lacustrine ecosystems in the Experimental Lake Area (ELA) of the Canadian Shield. 
Although the project began in 1968 to test hypotheses about lake eutrophication 
management practice, threats from oil and hydroelectric. power production and 
industry-mediated acidification kept the project going well into the 1980s. This re- 
search also provided the opportunity to address the predictions of a more general 
theory of ecosystem response to stress developed by E. P. Odum (1985). Of the 
18 predictions tabulated in Odum’s (1985) article, data from the ELA studies over a 
20-year period were used to evaluate each prediction, save 3. Schindler (1990) pro- 
vided a table of these same predictions in one column, matching the ELA research 
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outcomes relevant to each corresponding prediction in two other columns—one for 
lake acidification experiments and one for lake eutrophication experiments. Let us 
assign a rating value of 1 to these results when they confirm the prediction, ~1 if they 
refute the prediction, and 0 if the results were equivocal. The overall sum of these val- 
ues was 1 for the acidification experiments and 6 for the eutrophication experiments. 
The maximum and minimum possible values for both are 15 and —15, respectively. 
A prediction test ratio, R,,, indicating the weight of evidence in favor of Odum’s (1985) 
general theory of ecosystem stress response can be calculated as the rating value sum 
divided by the number of predictions, which will always vary between — 1 and 1. The 
R,, was 0.07 for the acidified ELA lake data and 0.40 for the eutrophic ELA lake in- 
vestigation data. 

Conclusions? Evidence supporting this general theory of stressed ecosystems is 
nearly equivocal (0.07) in substantiating the predicted behavior of acidified lake eco- 
systems, and weak (0.40) in substantiating the predicted behavior of eutrophic lake 
ecosystems. This leads to some interesting questions: Why did these aquatic eco- 
systems respond differently to each type of stress? If anthropogenic stresses need to 
be categorized, is the theory really a “general” theory? Should a general theory of eco- 
systems focus solely on perturbations? Would a general theory be more general if it 
were to focus on the mechanism of ecosystem resilience or recovery (homeorhesis; 
see Chapter 1)? The preceding queries beg the ultimate question: exactly what is the 
theory of ecosystems? This question is intriguing and certainly fires the imagination, 
but it is beyond the scope of this chapter. Nevertheless, it is worth noting that this ul- 
timate question arose as a consequence of weighing the evidence in the data without 
the aid of statistical significance testing. 


8 Evidence and Hypothesis Testing 


Statement 


The evidence obtained during any ecological investigation—whether experimental 
or observational—pertains to the scientific hypothesis. Almost without exception, the 
standard statistical methods require converting the scientific hypothesis into an equiv- 
alent statistical one, which may not resemble the hypothesis that one thought one was 
going to test. This is necessary for clear thinking and logical outcomes to prevail. The 
data speak for themselves, however, and the task for the student of ecology is to pre- 
sent the data in a manner that directly addresses the scientific hypothesis. 


Explanation. 


‘The same standard college education in statistics will present the concept of the null 
hypothesis (Hy). The null hypothesis is an initial surmise that a sample of size N in- 
dividuals drawn from a population in nature will have come from a population with 
-a known characteristic or parameter, such as the mean (u) or average value. When 
only one sample of size N is drawn, the null hypothesis is Hy: p. = pp. That is, the 
population mean is equal to some specific hypothesized value io. An alternative hy- 
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pothesis can be stated as H;: pt > po. These are statistical hypotheses in the Neyman- 
Pearson style (Royall 1997). We might wish to know, for example, if black-throated 
sparrows (Amphispiza bilineata) in southern New Mexico differ in body weight (g) 
from those in central Nevada, where they are sympatric with sage sparrows (A. belli), 
their larger congeners (Tuckfield 1985). If we state that we believe black-throated 
sparrows to be larger in Nevada than in New Mexico, that is a scientific hypothesis. 
In order to use statistical methods to test this scientific hypothesis, we must translate 
it into something like Hp: pı — p, = 0 (with u being the mean body weight in 
Nevada and u, the mean body weight in New Mexico, for example), which is referred 
to as a two-sample null hypothesis. It simply means than unless there is’sufficient evi- 
dence to the contrary, we will accept the tentative conclusion that black-throated 
sparrows are no different in body weight between these two locations. 

We could be wrong in our conclusions even with the most careful of interpreta- 
tions from the data. We may erroneously conclude that the two populations are dif- 
ferent when in fact they are not—that is, a Type I error (false positive conclusions) 
—or that they are not different when in fact they are—that is, a Type Il error (false 
negative conclusions). It is the nature of conclusions that you cannot be certain. Ide- 
ally, we would like to reduce the chances of making such erroneous conclusions, but 
depending on the situation this can be a costly enterprise. We may, for example, 
tolerate a risk of making a false positive error 5 percent of the time or less, but we 
simply may not have sufficient funds or human resources to collect all the samples 
needed to minimize both types of errors. The merit of the Neyman-Pearson style 


-of hypothesis testing is the apparent objectivity. The outcomes are black or white. 


Either Ho: 4, — py = 0, or Hy: p — p, + O. The latter is a two-sample alternative ` 
hypothesis. 

Experience suggests that simple displays of ecological data often provide more in- 
terpretable evidence than these sorts of either-or test outcomes. Even so, formal sta- 
tistical inference methods have led to practical and vital treatments in medical and 
pharmaceutical research. In these disciplines, even small improvements relative to 
standard treatment regimens, if statistically significant, could benefit a large number 
of people. The scale of measurement and the experimental unit are both small rela- 
tive to an ecosystem and are well suited to the Neyman-Pearson style of statistical hy- 
pothesis testing. : 

The. heavy-handed influence of this style, however, is the portrayal of science as 
proceeding inexorably and objectively toward the truth under the skillful hands of the 
erudite practitioner of statistical inference, regardless of the scientific discipline. This 
is illogical. If there is no place for judgment, one has no knowledge, and data displays of- 
fered as evidence permit both flexible interpretation and judgment regarding the sci- 
entific hypothesis. Scientific knowledge is, for the most part, a widely regarded and 
effective model of the truth—but it is a model nonetheless. It persists by peer- 


- reviewed consensus and- possesses reasonably quantifiable uncertainty (excluding de- 


terministic physics, of course). What is knowledge to a paleontologist, after all, if not 
solid-rock judgment in the face of absolute uncertainty? It is this subjective process of 
weighing the evidence that determines how much one knows about what is really go- 
ing on in nature—and weighing means judging. 
_ Ina tribute to the late Robert H. MacArthur, Stephen Fretwell (1975) stated, in 
effect, that truth is what is. Knowledge is what we think we know about the truth, and wis- 
dom is knowing the difference. Wisdom is likely more than this, but it is certainly wise 
to know the difference. 
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9 Formulating the Right Problem 



































Statement 


Just as a respectable curriculum in ecology is incomplete without a knowledge of sta 
tistics, aspiring ecology students are not without knowledge of, say, how to perform - 
an ANOVA (see just about any statistics text). Students often focus on acquiring a 
broad range of skills for analyzing data—as well they should. But more important 
than the development of a big statistical “tool chest,” it is the formulating of the right 
question or problem that will accelerate understanding. l 


Explanation 


This perspective has to do with asking answerable questions and discovering the prob- 
lem to be solved. Problem identification and formulation are the precursors to method 
selection, not vice versa. To do otherwise is to risk committing Type III errors—that 
is, producing an elegant solution to the wrong problem (Kimball 1957). The latter is 
probably more of a risk to students in statistics who are developing consulting skills 
than to students in ecology, because ecologists are a quantitative lot and take a great 
deal of pride and initiative in analyzing the data themselves. However, if the focus is 
on the method, what happens if a suitable method does not exist? Well, one should 
rely on the local statistician at this point, but that does not mean that the student of 
ecology has reached an impasse. The task is to summarize the data in such a way as 
to provide evidence regarding the scientific hypothesis. Herein lies the strength of 
simple data displays for visualizing results. Thus, we return to the fundamental issue 
of this chapter—the issue of using data and statistical thinking, not just statistical 
methods, to gain more knowledge about ecosystems and ecology. 


10 Publish or “Parish”? 


Statement 


“Publish or parish” is a variant of the common aphorism publish or perish, well known 
among students who aspire to careers in ecological science. It refers to a bona fide de- 
cision for the young Charles Darwin, who had to choose between pursuing his inter- 
ests in science or in theology (Irvine 1955). This career decision signifies a real chal- 
lenge facing most students—toward securing a position within their profession. 
Practicality is advisable and often unavoidable, but the passionate pursuit of under- 
standing is at the root of most ecological aspirations. 


Explanation 


Discovery is a very gratifying outcome and is worth pursuing. As with all scien- 
tific vocations, the profession of ecology is a means to perpetuate the excitement of 
learning and, more specifically, learning about what nature retains within itself for 
discovery. 
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Figure 12-3. Frequency distribution 
among categories of p-values reported 


the journal Ecology during 1975, 1985, 
and 1995. Note the gradual skewing to- 
ward smaller p-values over time. 
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Publishing one’s discoveries is essential to a scholarly profession. Darwin's youth- 
ful penchant for hunting and collecting beetles, birds, and barnacles was a typical 
naturalist activity, but from his father’s perspective was a risky livelihood (Himmel- 
farb 1962). However, it was probably regarded as an insightful avocation for a parish 
priest—a respectable living in that context. Whatever Darwin's aptitude as a country 
squire, he turned his penchants and talents to pen and paper, and his writings have 
influenced biological and ecological science ever since. In the current context, 
achieving a p-value of .05 seemingly has become imperative to publication accep- 
tance. It is generally regarded as reasonable evidence in favor of the alternative hy- 
pothesis if the p-value is .05 or less—that is, when the frequency of random occur- 
rence of the data obtained is about 1 in 20 or smaller. If p < .05 is considered 
reasonable evidence, p < .01 would be considered stronger evidence, and p < .001 
even stronger. 

Figure 12-3 shows the results of an investigation concerning published p-values 
in the journal Ecology at 10-year intervals from 1975 through 1995. As there were 
47 articles published in the 1975 volume, the first 47 articles were also examined 
in the 1985 and 1995 volumes for comparison. The number of occurrences of a 
specific reported p-value was recorded for each volume. Note that in 1975, the 
frequency of reported p-values reached a maximum in the <.05 category. Three 
articles reported p-values > .05, an unusual allowance by today’s standards. Inter- 
esting enough, 13 articles were published containing data without accompanying sta- 
tistical analysis; the weight of evidence must have been beyond repudiation in the eyes 
of the reviewers of those articles. By 1985, the frequency distribution had shifted to 
smaller p-values, reaching a maximum in the <.001 category. Finally, by 1995, the 
distribution was thoroughly skewed (nonsymmetrical) to the right and obtained a 
maximum in the <<.001 category. The implication is that by 2005, uncertainty may 
be a thing of the past! 

Ecologists are in peril of spinning into the vortex of p-value reliance. In the cur- 
rent age of desktop computing capacity; we are more and more capable of perform- 
ing statistical inference tests in short order, but the incorporation of successively im- 
proved versions of the same statistical methods is not a likely explanation for this 
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trend of reporting smaller and smaller p-values. How, then, can we account for it? It 
may be that ecologists today are reporting their actual and often very small p-values, 
whereas their colleagues of earlier decades would simply report <.05. If true, this 
suggests another dangerous trend in the nature of human belief —namely, if less is 
good, much less is even better. Such thinking fosters the erroneous, nonstatistical con- 
cepts of asymptotic certainty and its equally invalid counterpart, vanishing uncertainty. 


The Evidence-Oriented Alternative 


Statement 


One of the frequently reemphasized lessons taught to undergraduate and graduate 
students in statistics is to avoid the immediate use of powerful statistical inference 
procedures. Data description (such as summary tables, plots, and graphs) is always the 
first step in data analysis. Most students react with a sort of dismissive acknowledg- 
ment, knowing full well that the qualifying or final exams will require next to noth- 
ing of this simplistic admonition. In their subsequent role of statistical consultants, 
however, beginning with the simple methods of data display is absolutely essential. 


Explanation 


Data display provides a pictorial representation of the evidence, summarized for con- 
vincing visual examination. There is no substitute. As testimony to this fact, the pio- 
neering work of John Tukey on exploratory data analysis has secured a solid foothold 
in current statistical computing software. Tukey's (1977) most successful inventions 
for displaying data were the box-and-whisker plot and the stem-and-leaf display. They 
are widely used and are apt summary illustrations of the information in the data. It 
is the comparison of such plots that produces evidence. Subjective interpretation 
now becomes a criterion for inference—a confirmation, at least, of the seemingly ob- 


` jective mathematical conclusion. 


_ Examples 


Consider the data analysis portrayed in Figure 12-4. Measurements of cesium- 
137 (pCi/g) were collected from the muscle tissue of white-tailed deer (Odocoileus 
virginianus) from a variety of locations on and off the U. S. Department of Energy Sa- 
vannah River Site (SRS) located in South Carolina and in Georgia (Wein et al. 2001). 
Cesium-137 is a common radionuclide in worldwide fallout due to past nuclear 
weapons testing. The question of interest was to find other locations that represented 
“background” conditions for comparison to the SRS data. This required SRS-like lo- 
cations, but study sites without the past radionuclide production activities of SRS. 
Data were used from six other locations where 20 or more individual deer could - 
be measured. Figure 12-4A is a box-and-whisker plot. The top (or right) end of 
the box represents the upper quartile (75th percentile) and the bottom (or left) end 
represents the lower quartile (25th percentile) of the sample measurements. The top 














Figure 12-4. Box-and-whisker plots 
of '°’Cs measurements in muscle tissue 
sampled from deer in seven different lo- 
cations: the Savannah River Site (SRS), 
two military bases (one in South Caro- 
lina and one in Georgia), and four other 
localities near SRS. THe data presented 
on the original scale (A) show very little 
that is useful for a population-to-popula- 
tion comparison, but the data presented 
on the common logarithmic scale (B) re- 
veal the similarity of the two military in- 
Stallations to SRS. Data points on both 
plots are “jittered" to show the density 
of measurements in a particular region 
of the measurement scale (for example, 


the data cluster at the lower detection l 


limit in the northeast quadrant offsite 
population). 
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Figure 12-5. A series of stem-and-leaf plots that illustrate the similarity of '*?Cs measurements among deer taken from two military bases (Fort Jackson, South 
Carolina, and Fort Stewart, Georgia) compared to the ‘Savannah River Site (SRS) and the southwest quadrant offsite to SRS. All measurements came from 
muscle tissue samples and are plotted as the common logarithms of the original measurements (pCi/g). 
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and the bottom whiskers beyond the box end at the upper and lower quartiles plus 
1.5 times the interquartile range (upper minus lower quartile), respectively. Note that 
on this measurement scale (Fig. 12-4A), little insight is obtained.by comparing loca- 
tions. However, when the common logarithm of each measurement is plotted instead 
(Fig. 12-4B), it becomes clear that both the Fort Jackson, South Carolina, and Fort 
Stewart, Georgia, locations are more similar to SRS than are the other locations. 

Transforming the data from one scale to another is a common statistical practice. 
It reduces the influence of outliers (suspicious extreme values, beyond the whis- 
kers), stabilizes the variance among treatment levels, and often preserves the as- 
sumption of normality. Other features of these box-and-whisker plots, which are ev- 
idence oriented, are color and jitter. Color can be used to aid our visual assessment of 
the display and to promote a convincing comparison. Jitter is the off-center depiction 
of the data points along the central vertical axis of each box. This method allows for a 
more obvious illustration of the sample size corresponding to each box. Figure 12-4B 
also shows two outliers for SRS—one large and one small—that do not appear con- 
sistent with the remainder of the data and that will inordinately influence summary 
statistics like the mean. There are more robust (less influenced) measures of the cen- 
tral tendency of a population, such as the median (50th percentile), that enable more 
useful comparisons among treatments. As an illustration, compare the horizontal 
centerline in each box of Figure 12-4B. These centerlines are the corresponding me- 
dian '°’Cs measurements. The two military bases have protected and secured envi- 
ronmental settings, like those at SRS, whereas the quadrants surrounding SRS are 
largely rural and agricultural environments. Thus, the question arising from the data 
display becomes: why are Cs measurements in deer tissue substantially lower in 
the rural and agricultural locations surrounding SRS than in the non-agricultural 
areas? But this is a new question—one that derives from the insightful display of 
the data. 

Estimating the population parameters‘for the distribution of !°’Cs concentrations 
in SRS deer may be informative, but is a statistical test of our original hypothesis re- 
ally necessary (see Fig. 12-4B)? Is a formal inference procedure required to convince 
us that the "Cs coricentrations among Fort Jackson, Fort Stewart, and SRS deer are 
not substantially different? In fact, this exercise was partly exploratory in nature. In 
such instances, there is seldom a formal null hypothesis. When having some a priori 
suspicion about what one will find, the primary aim is pattern recognition, if any pat- 
tern exists. Our suspicion, in this case, was that the two military bases ought to be. 
more like SRS than the other, rural study locations surrounding SRS.’ 

Figure 12-5 shows corroborating evidence supporting a similar conclusion: It is 
a stem-and-leaf display of the data values, where the stem separates the tenths po- 
sition of the decimal number (logarithm of '°’Cs measurement) from the hundredths 
position. The tenths position is to the left of the stem, and the hundredths position 
is added to the right of the stem for every measured value, arranged in ascending or- 
der. The dashed line is a reference line, showing the comparability of the SRS, Fort 
Stewart, and Fort Jackson data relative to the dissimilar southwest quadrant data set. 
The utility of this display is that it contains the actual measurement values, as op- 
posed to plotting characters, but the conclusion is the same and a formal statistical 
test is not essential. l 

Some principles of graphics science (Tufte 1997) are also pertinent. One of these 
is to incorporate both space and time into data displays for more convincing por- 
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CARTE FIGURATIVE des pertes successives en hommes de I’ Armée Française dans la campagne de Russie 1812-1813. 
_Dressée par M. Minard, Inspecteur Général des Ponts et Chaussées en retraite. 
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Figure 12-6. Graphic depiction in both space and time by Charles Joseph Minard (1781- 
1879) of the devastating losses sustained by Napoleon's army during its march to Moscow in 
the winter of 1812-1813. This nineteenth-century French graphic portrays data on six vari- 
ables—namely, troop strength, geographic location, spatial dimension, temporal dimension, di- 
rectional troop movement, and temperature (1 degree Réaumur = 1.25° C) on selected dates 
during the army's return march (courtesy of Graphics Press). 


trayals of the evidence derived from the data. Consider two figures (Figs. 12-6 and 
12-7), which Tufte used to illustrate this point. Figure 12-6 tells the story of Na- 
poleon fateful march to Moscow during the campaign of 1812-1813 (from Minard 
1869). It is easy to see the progressive loss of life among the troops as they marched 
to Moscow. The width of the line marking the geographic route of the army indicates 
the number of troops still alive at that point during the march. One is able to see at a 
glance the dramatic decline over both space and time from an initial troop strength 
of 422,000 to the tragic final troop strength of nearly 10,000. X 

Figure 12-7 illustrates the life cycle of the Japanese beetle Popillia japonica (from 
Newman 1965). Note the change in soil depth as the larval stage of this organism ma- 
tures by pupation to the plant-feeding adult stage, with the adults emergent from 
early June through mid-September. Here, both space and time progress within the 
data display, the former from bottom to top and the latter from left to right. 

Other examples of a weight of evidence approach to scientific study can be found 
in issues of the journal Landscape Ecology. Twenty issues of this journal, which con- 
tained 143 articles published from January 1999 through August 2001, were re- 
viewed. The titles of each article were searched for keywords indicating whether the 
article was an attempt to advance knowledge by an appeal to hypothesis testing or not. 
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Some keywords were simply informative, like pattern, effects, influence, and impact. 
Others were seemingly knowledge laden, like predict, evidence, test, and hypothesis. 
Among these articles, 18 had the word pattern in the title, 10 had the word effects, 8 
had the word predict, 2 had the word test, 2 had the word evidence, and 1 had the word 
hypothesis. Two articles were based on evidence that suggested additional study. 
Palmer et al. (2000) presented evidence that stream invertebrates respond to the 
type and spatial arrangement of patches in a streambed landscape. Their first hypoth- 
esis was that stream fauna should respond to differences among patches that vary 
structurally in microbial abundance (potential food). They considered the null hy- 
pothesis to be that a particular species should occur in a given patch type (such as 
sand or leaf debris) in proportion to the relative abundance of that patch type. They 
collected data for chironomids and copepods from among several sections of a north- 
ern Virginia stream. Figure 12-8 shows the data display presented in their paper and 
offered as a test of their first hypothesis. The solid line in this figure represents the 
“null expectation” and has a slope of 1.0. As the proportion of streambed covered by 
leaves increases, the proportion of animals in the leaf patches (as opposed to in the 
sand patches) should increase with one-to-one correspondence (if the null hypothe- 
sis is true). What one sees instead is a disproportionately greater number of animals 
collected in leaf patches than in sand patches. In short, chironomids and copepods 
prefer leaf patches. Palmer et al. (2000) report that “sign tests . . . showed that pro- 
portion of both taxa in the leaves was greater than that based on the null expectation.” 
Were sign tests really necessary? The evidence portrayed in the data display is sub- 
stantially convincing by itself. It is a commendable portrayal of the data to distinguish 
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Figure 12-7. Life cycle of the Japanese beetle (Popillia japonica), cleverly depicted in both 
space and time (courtesy of Graphics Press). 
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Figure 12-8. Relationship between 
the proportion of animals found in one 
of two patch types (leaf debris) and 
the proportion of the streambed cov- 
ered by this patch type for each of 
two invertebrate species: chirono- 
mids (solid diamonds) and copepods 
(open diamonds). (From Kluwer Aca- 
demic Publishers, Landscape ecology, 
vol. 14, pp. 401-412, figure 4. With 
kind permission of Kluwer Academic 
Publishers.) 
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between two possible outcomes that allow one to judge for oneself. Subsequent statis- 
tical tests in this instance may not be necessary, but they are certainly confirmatory. 

Delattre et al. (1999) presented evidence from a six-year study of vole (Microtus 
arvalis) outbreaks among landscape formations in the Jura Mountains of eastern 
France. The intent of the study was to test several landscape-based hypotheses re- 
garding vole outbreaks developed by Lidicker (1995). One hypothesis was that the 
grassland vole habitats that are adjacent to or surrounded by generalized predator 
tefuge habitats should show only moderate variation in population density over time 
(Fig. 12-9). Multiannual cycles are well known for this species and were demon- 
strated during the study period (see Chapter 6 regarding population cycles). The 
abundance index was estimated as the percentage of sampling intervals (transects) in 
which M. arvalis was present. Peak values of the abundance index reached nearly 
80 percent twice during the six-year study. This data display provides a graphic in- 
sert portraying the landscape type, another graphic insert depicting the predicted 
population behavior, and a time plot of the corresponding abundance indices. In 
every frame (Fig. 12-9a, b, c), annual fluctuations in the M. arvalis population are 
consistent with the damping effects of predator refuges, as predicted. No p-values 
were reported or were needed. 

The illustrations of empirical evidence in Figures 12-4, 12-5, 12-8, and 12-9 are ` 
population-level data displays. Journals such as Ecosystems, Ecosystem Health, and 
Restoration Ecology provide a few examples of data displays at the ecosystem level. 
There is a valid reason, however, for the dearth of ecosystem-level data displays and 
their associated experimental results, and it is a major point of this chapter. Large- 
scale ecosystem and landscape research does not generate an abundance of data for 
display at these scales. It is not a practical undertaking for students at the under- 
graduate level—and a daunting task for graduate students—to conduct integrative 
research at these scales. It is research that needs to be done, and it will certainly re- 
quire an interdisciplinary team approach (Barrett 1985). But the outcomes of care- 
fully designed studies will require convincing data displays, because the small-scale 
methods of twentieth-century statistics are not likely to be effective or applicable. 











Figure 12-9. Microtus arvalis popula- 
tion dynamics as measured in or next to 
generalized predator refuge habitats (A, 
B, C) or in a patch surrounded by a bar- 
rier (D). Left-hand diagrams (a, b, c, d) 
show predicted population abundances 
(N); right-hand diagrams show measured 
population abundances over time. L = to- 
tal length of sampled habitat over the six- 
year study period. / = average length of 
sampled habitat per sampling period (after 
Delattre et al. 1999; from Kluwer Academic 
Publishers, Landscape Ecology, vol. 14, 
pp. 401-412, figure 4. With kind permis- 
sion of Kluwer Academic Publishers). 
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12 The Two Ways of Discovery 


Statement 


We have not yet described how to use statistical thinking in large-scale ecological re- 
search. Statistical thinking in ecosystem ecology has to do with holistic approaches 
to the study of nature—with putting observation and study results in the context of 
the system, and with measuring what one can and reporting it with the most reliable 
estimate of uncertainty 


Explanation 


C. S. Holling, a well-known ecologist from the University of Florida, has thought 
about this question as part of a perspective in ecology—a transition discipline —he 
termed conservation ecology. The intent of this discipline is to acquire knowledge 
about ecosystems and landscapes that will feed policy making for the protection of 
planetary resources for the next generation and beyond. Holling (1998) pointed to 
“two very different ways of viewing the world.” He described one as “reductionist and 
certain” and the other as “integrative and uncertain.” He likened these two ways to 
two different cultures or “streams” in ecology. The first is analytical and is the science 
of parts. It promotes research at small scales—that is, the study of relatively small 
features of the ecosystem. The second is integrative and is the science of the whole. 
It promotes research at large scales—the study of large features, such as landscapes, 
biomes, or the ecosystem in its entirety. Again, statistical thinking in large-scale ecol- 
ogy has to do with this integrative culture and with the a priori acknowledgement of 
uncertainty. i 
Holling (1998) tabulated the attributes of these two ways, the analytical and the 
integrative, in order to enrich understanding by comparison (Table 12-1). Two of 
these attributes, statistics and evaluation goal, provide pertinent insight. For the at- 
tribute of statistics, the analytical way focuses on standard statistics, experimental ap- 
proaches, and concern with Type I errors. Holling acknowledged that the “standard” 
(experimental) statistics, firmly rooted in the classical, Fisherian. tradition, de not 
apply at large scales. But what are nonstandard statistics? Technically, Type | and 
7 Type H errors, as described earlier, are both vital concepts of standard statistics and 
directly apply to that tradition. What is likely meant by nonstandard statistics is that 
measurement variability among ESUs at large scales is so potentially cverwhelming 
that we must find new ways to cbserve the kernel of iruth at the core, lest we con- 
4 clude that there is no kernel (a Type II error). This interpretation is confirmed by 
a -~ Hollings description of the second attribute, namely the evaluation goal. In his esti- 
mation, the analytical goal is often viewed as “peer assessment to reach ultimate unan- 
imous agreement,” and the integration goal as “peer assessment [by] judgement te 
reach a partial consensus.” If peer assessment were unanimous-—a likely unattainable 
i outcome-—the tenet would be conventionally regarded as certain. If only partial con- 
sensus was achieved instead, it would be regarded as . . . well, uncertain, and in need 
of more study. Holling stated that, 


In principle, therefore, there is an inherent unknowability, as well as unpre- 
dictability, concerning ecosystems and the societies with which they are linked. 














Table 12-1 
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=e eee eee re 
A comparison of the two cultures of biological ecology 


TS I ET EZ TT I EP EEA 


Attribute 


Analytical 


Integrative 





Philosophy 


Perceived organization 


Narrow and targeted 
Disproof by experiment 


Parsimony is the rule 
Biotic interactions 
Fixed environment 
Single scale 


Broad and exploratory 


Multiple lines of converging 
evidence 


Requisite simplicity is the goal 
Biophysical interactions 
Self-organization 


Multiple scales with cross- 
scale interactions 


Causation Single and separable Multiple and only partially 
separable 
Hypothesis Single hypothesis; Multiple, competing 
null rejection of false hypotheses 
hypothesis 
Uncertainty Eliminate uncertainty Incorporate uncertainty 
Statistics Standard statistics Nonstandard statistics 


Evaluation goal 


The danger 


Experimental 
Concern with Type | error 


Peer assessment to 
reach ultimate unanimous 
agreement 


Exactly the right answer 
to the wrong question 


Observational 
Concern with Type II error 


Peer assessment, judgment 
to reach a partial consensus 


Exactly the right question, but 
a useless answer 


Re A ERE TPE BEL TPS RTT TO EEEE T E A E A EE SE EE 


Source: Adapted from Holling 1998. 


There is, therefore, an inherent unknowability and unpredictability to sustain- 
ing the foundations for functioning systems of people and nature. 


And, as a consequence of this kind of uncertainty, 


information and decisions are vulnerable to being manipulated by powerful 
interests. While scientists do not thereby need to become politicians, they do 
have to be sensitive to political and human realities, and to recognize how theo- 
ries, different modes of inquiry, and different rules of evidence can facilitate, 
hinder, or destroy the development of constructive policy and action. Recom- 
mendations have to be based on responsible judgement and interpretation of 


the burden of evidence. 


This last concept is similar if not tantamount to the weight of evidence discussed-in the 
next section. _ : 

Holling’s (1998) ideas suggest that inference from small-scale ESUs is inductive, 
whereas inference from large-scale ESUs is deductive. Inductive inference attempts to 
generalize from a specific outcome, and deductive inference attempts to predict spe- 


-cifically from a general hypothesis. The former is largely experimental; the latter ob- 


servational and correlative. The concepts of Type I and Type II error still apply at 
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large scales of deductive statistical thinking, but they are directed at predictable phe- 
nomena that derive from the theoretical “big picture.” It is important to the integra- 
tive scientist that data from the predicted outcome be used directly to test the hypoth- 
esis—which leads us back to the power of data displays and to the largely unused 
methods of Tukey (1977) to convince colleagues or professors regarding findings. As- 
tronomers are deductively oriented, integrative scientists. So are ecosystem scientists 
Students of ecosystem science will benefit by recognizing this distinction. 


13 The Weight of Evidence Paradigm 


Statement 


What this chapter advocates is not a new discipline, but a different perspective — onc 
that places more value on that well-known but underused aspect of descriptive sta- 
tistics called data display. Data displays are often perceived as part of the preliminary 
efforts, prefacing the real data analysis and hynothesis testing that comes later. Data 
displays are, in fact, crucial to hypothesis testing; the acknowledgment of this point 
can be called the weight of evidence paradigm. 





Explanation 


Figure 12-10 illustrates the features of this ordering concept. Note that formal statis- 
tical inference tests are a part of this paradigm, because of the prowess of parametric 
and nonparametric statistical methods when they apply te the research scale selected. 
Even then, however, we are trading in the hypothesis we want to test for one that we 
can test statistically—one with greater objectivity, perhaps, but one that requires a 
bridge back from mathematical abstraction. The other empirical skills besides infer- 
-ence tests (Fig. 12-10) are (1) determining which data are needed and how te reli- 
ably collect them; (2) freely exploring relationships among the data; and (3) portray 
ing the data insightfully to convince one’s colleagues and critics. These three skills 
constitute the applied methods of statistical thinking Ail are weighting skills for 
making sense of the data—that is, for directly testing the scientific hypothesis of in. 


BAEP cs 
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Figure 12-10. Illustration of theaweight ofov- = EMPIRIGAL SI@LLS. WEIGHINGSKIELS UNGRRTAIN-REALITY 
idence paradigm for pursuing.an understanding . 


of nature. Note that in addition to formal statis- Data design | 
tical inference tests (when the scale of research _ & collection : 


permits), the three other empirical skilis that ~ 


= collectively constitute statistical thinking are Exploratory 
equally important to this process. data analysis 
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terest, not a statistical one that is tantamount to it. The weight of evidence paradigm 
is a proposal to loosen the structure of scientific pursuit in ecology and admit more 
freedom to the process.of getting knowledge that is quintessential to huthan nature. 

Here are a few additional recommendations for students of ecology and eco- 
system scientists. 


For undergraduate students: 
* Minimize the use of tables. 


e Discover the ideas of graphic science (Tufte 1997, 2001). Do not rely strictly on 
the current crop of statistical computing software; new ideas will come from 
thinking about new ways to display data. 


è Rediscover the seminal ideas of John Tukey (1977). Learn more about the think- 
ing behind the methods of exploratory data analysis. 


* Relinquish the fixation on reporting sample means; the median is a more robust 
statistic and could be considered a more useful measure of central tendency. 


For ecosystem scientists: 


© Recognize the value of replicated studies for corroboratiug and adding to the. 
weight of evidence. 


e Increase the emphasis on data display and minimize p-value reliance. Frequently, 
p < .10 can provide as much insight into ecosystem processes and dynamics as 
relying on p < .05. 

e Incorporate statistical thinking; it always leads to research design. 


`e Acknowledge that large-scale research means hypothetico-deductive inference 
via predicted observational outcomes. 


e Advocate a weight of evidence orientation to students and in ecological issues vital 
to the stewardship of nature. 


In summary, a practical approach to statistics should be more “data-philic” than 
“parameter loving,” more evidence oriented than confidence oriented, more insight- 
ful than informative, and more scale translational than scale dependent. As students 
of ecology, we must not lose sight of the aim for which statistical tools were devel- 
oped, to avoid finding ourselves too focused on the tools themselves. The evidence is 
more than the devices used to obtain it. 

If understanding nature is the aim of ecological science (Scheiner 1993), then the 
process of understanding is accelerated by statistical thinking more than by traditional 
statistical methods, especially when the scale of ecological research is beyond the 
scope of common statistical practice. 

The message to the anxious student and to the experienced ecologist is the same. 
There is no ceftainty in statistics, and it is wise to regard one’s ideas as either more or 
less corroborated based foremost on a presentation of the data, and on inference test 
results when necessary. Truth is what we seek; tested explanations are what we get, 
and the only certainty is in knowing that the two will never be one and the same. It 
is the weight of evidence that counts. 


Glossary 








A 


abiotic nonliving components of an ecosystem, such as water, air, light, and nutrients 
abyssal relating to bottom waters of oceans 


acid rain anthropogenic emissions of hydrogen sulfide and nitrogen oxides from fossil fuel 
combustion that interact with water vapor to produce dilute sulfuric and nitric acids, causing 
widespread acidification of cloud and rainwater 


aerobic refers to life in the presence of free oxygen, either as a gas in the atmosphere or dis- 
solved in water 


aestivation dormancy in animals during periods of drought 

age distribution ratio of each age group (prereproductive, reproductive, and postreproduc- 
4 tive) in a population 

aggregate dispersion distribution of individuals in a clumped or aggregate pattern of disper- 
sion (such as herds, coveys, or schools) 


A horizon surface stratum of soil, characterized by maximum accumulation of organic mat- 
ter and biological activity 


Allee principle of aggregation a special type of density dependence, first identified by 
W. C. Allee in 1931, in which a degree of aggregation results in optimum population growth 
and survival 


allele frequency commonness of an allele in a population 
allelopathy direct inhibition of one plant species by another using noxious or toxic compounds 


allochthonous (from Greek chthonos, “of Earth,” and allos, “other”) refers te organic materials 
not generated within the community or ecosystem = 

allogenic succession successional changes that are largely the result of external forces or per- 
turbations, such as fire or flooding 

allopatric speciation speciation (from a common ancestor into distinct species’ resulting 
from the geographical separation of populations 





alpine tundra tundra-like conditions found above tree lines on high meuntains 


a a i Piee Be 


altruism sacrifice of fitness by one individual for the benefit of another 


altruistic behavior social behavior that apparently enhances the fitness of other individuals 
in the population at the expense of the individual performing the behavior 


amensalism a relationship between two species in which one population is inhibited and the 
other not affected 


anaerobic refers to life or processes that occur in the absence of free oxygen 
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anthrosol human-created urban soil type, containing an abundance of pulverized concrete, 
dust, debris. and “fill” materials 


applied ecology application of ecological theory, principles, and’ concepts to resource 
management 


aquifer porous underground strata (limestone, sand, or gravel) bounded by impervious rock 
or clay, containing significant quantities of water 


ascendancy the tendency for self-organizing, dissipative systems to develop network flows 
over time 


association natural unit of vegetation, often dominated by a particular species, thus provid- 
ing a relatively uniform vegetative composition 


atoll circular or semicircular group of islands encircling a lagoon, formed by coral reefs grow- 
ing on the submerged slopes of a seamount 


aufwuchs plants and animals attached to or moving about on submerged surfaces; also fre- 
quently termed periphyton 


autochthonous refers to photosynthesis or organic materials generated within the commu- 
nity or ecosystem 


autogenic succession successional changes largely determined by internal (self-generated) 
interactions 


autotrophic producing its own food (as photosynthetic plants), production (P) is greater than 
respiration (R) 


autotrophic succession succession beginning when P/R > 1 


Batesian mimicry benign species that resemble a noxious or dangerous species 


behavioral ecology the branch of ecology that focuses on the behavior of organisms in their 
natural habitat 


benthic zone lowermost region or bottom of a freshwater lake or aquatic ecosystem 


benthos bottom-dwelling organisms that inhabit the bottom of rivers, lakes, and the sea 


B horizon a stratum of soil characterized by minerals, in which organic matter in the A hori- 
zon has been converted by decomposers into inorganic compounds such as silica and clay 


biennial plant that requires two years to complete its vegetative and reproductive growth cycle 


biocoenosis term used in European and Russian literature to denote biotic communities in- 
habiting a defined space at the same time; the biotic component of an ecosystem 


biodiversity diversity of life forms, the ecological roles they perform, and the genetic diver- 
sity they contain; term used to describe all aspects of biological diversity (genetic, species, hab- 
itat, and landscape) l 

biogeochemistry the branch of science that focuses on the movement of elements or nutri- 


ents through organisms and their environment; the study of natural cycles of elements and 
their movement through biological and geological compartments 


biogeocoenosis term used in European and Russian literature equivalent to the term eco- 
system, or biocoenosis together with its abiotic components A 


biological clock endogenous, physiological mechanism that keeps time independent of ex- 
ternal events, enabling organisms to respond to daily, lunar, seasonal, or other periodicities 


biological magnification increase in the concentration of a chemically stable substance or el- 
ement (such as pesticides, radioactive materials, or heavy metals) as it moves up a food chain 
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biological oxygen demand indicator of pollution caused by an effluent, related to the uptake 
of dissolved oxygen by microorganisms that decompose organic matter present in the effluent 


biomass weight of living material, typically expressed as dry weight per unit area or volume 


biome large regional or subcontinental system characterized by a particular major vegetation 
type (such as a temperate deciduous forest), biomes are distinguished by the predominant 
plants associated with a particular climate (especially temperature and precipitation) 


biosphere that part of the environment of Earth in which living organisms are found 

‘biotic refers to the living components of an ecosystem 

biotic potential maximum reproductive potential of an organism 

bog wetland ecosystem characterized by acidic conditions and accumulation of peat, domi- - 
‘nated by sphagnum moss 


bottom-up regulation regulation of a community or ecosystem trophic structure related to 
increased productivity of the producer trophic level; influence of producers on the trophic lev- 
els above them in the food web 


breeding dispersal movement of individuals out of a population prior to initiation of the 
breeding season 


c 


C; plant plant that produces a 3-carbon compound (phosphoglyceric acid) as the first step in 
photosynthesis; pathway of carbon fixation common in plants adapted to low temperatures, 
average light conditions, and adequate water supply 


C, plant plant that produces a 4-carbon compound (malic or aspartic acid) as the first step in 
photosynthesis; pathway of carbon fixation common in plants adapted to high temperatures, 
strong light, and low water supply 


calorie amount of heat needed to raise the temperature of 1 gram of water by 1° C, usually 
from 15° C to 16°C 


calorific value energy content of biological materials, expressed in calories cr kilocalories per 
gram dry weight 


cannibalism intraspecific predation. 


carbon cycle movement of carbon, C, between the atmosphere. hydrosphere, and biosphere, 
and the transformations (such as photosynthesis and respiration) between its different cheri- 
cal forms 

carrying capacity maximum population of a given species that a particular environment or 
ecosystem can sustain; the K value for an S-shaped sigmoid growth curve 

Chaparral biome type dominated by broadleaf scrubs and sclerophyllous woodland located 
in regions of Mediterranean climate, a fire-dependent ecosystem that tends to perpetuate scrub 
dominance at the expense of irees 

character displacement changes in the physical characteristics of similar species occupying 
overlapping ranges, resulting in reduced interspecific competition, divergence of the charac- 
teristics of two species occupying overlapping ranges 


chelation (from Greek chele, “claw”) a complex formation of organic matter with metal ions 
(for example, chiorophyll is a chelate compound in which the metai ion is magnesium) 

C horizon stratum of soil beneath the A and B horizons that is relatively unmodified by bio- 
logical activity or soil-forming processes (the stratum of parent material) 

circadian rhythm ability of an organism to time and repeat functions at about 24-hour inter- 
vals even in the absence of conspicuous environmertal cues such as daylight 
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climatic climax stable seral stage in equilibrium determined by the general climate of the 
region 

climax term introduced by F. E. Clements in 1916, representing the final stage of ecological 
succession; a stage of vegetation where P = R that is self-perpetuating in the absence of major 
disturbance 


climograph chart in which one major climatic factor is plotted against another 


coarse-grained refers to a habitat or landscape patch in which the vagility of a given animal 
species is low relative to the size of the patch 

coevolution a type of community evolution in which evolutionary interactions occur among 
organisms in which exchange of genetic information among different populations is minimal 
or absent; the joint evolution of one species in a non-interbreeding relationship partially de- 
pending on the evolution of the other through reciprocal selective pressures 


coexistence two or more species living together in the same habitat 
cohort group of individuals of the same age class 


collective properties summation of the properties of the parts (for example, birth rate, which 
is the sum of individual births within a designated time period) 

commensalism relationship between two species in which one population is benefited but 
the other is not affected 

community includes all the populations inhabiting a specific area at the same time 
compensation depth depth in a lake where light penetration is so reduced that oxygen pro- 


duction by photosynthesis balances oxygen consumption by respiration (that is, the depth in 
a lake where P/R = 1) 


‘competition relationship between two species that is mutually detrimental to both popula- 


tions 


competitive exclusion principle principle stating that no two species can permanently oc- 
cupy the same ecological niche 


conservation biology field of science concerned with the protection and management of bio- 
diversity based on the principles of basic and applied ecology 


conservation easement legal mechanism to designate personal property for ecological, eco- 
nomic, and conservation benefits 


continuum gradient of environmental conditions reflecting changes in community compo- 
sition 

control experimental condition in which no action is taken; designed to confirm no effect 
coprophagy feeding on feces 


coral reefs colonial groups of cnidarians that secrete an external skeleton of calcium carbon- 
ate, usually in a mutualistic relationship with algae; three types of coral reefs are atolls, barrier 
reefs, and fringing reefs - 


corridor connection between two patches of landscape habitat 
corroboration support by additional evidence 


crassulacean acid metabolism (CAM) method of CO, fixation that conserves water in cer- 
tain succulent, drought-resistant desert plants 


crude density number of individuals per unit area 


cultural eutrophication overfertilization of freshwater ecosystems by. nutrients, mainly ni- 
trogen and phosphorus, from anthropogenic sources 


curie the amount of material in which 3.7 X 10'° atoms disintegrate each second 
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cyanobacteria group of bacteria that possess chlorophyll a and that carry out photosynthe- 
sis, regarded as the first oxygen-producing organisms responsible for generating oxygen in the 
atmosphere, thus profoundly influencing the course of biosphere evolution 


cybernetics (from Greek kybernetes, “pilot” or “governor”) the science that deals with com- 
munication systems and system controls, in ecology and the life sciences, the study of feedback 
controls in homeostasis 


cyclicsuccession succession caused by periodic, rhythmic disturbances in which the sequence 
of seral stages is repeated, preventing the development of a climax or stable plant community 


D 


deciduous forest forest composed of trees that drop leaves during unfavorable. winter con- 
ditions; temperate deciduous forests are a major biome-type in eastern North America 


decomposers organisms, typically bacteria and fungi, that obtain energy from the breakdown 
of dead organic matter 


decomposition breakdown of complex organic materials into simpler products 
deductive reasoning from general to specific conclusions 
denitrification reduction of nitrates to atmospheric nitrogen by microorganisms 


density dependence regulation of population size or growth by mechanisms whose effective- 
ness increases as population size increases; effect on population size as a function of density 


density independence regulation of population growth not tied or related to population den- 
sity; change in population numbers is independent of population size 


desert biome with less than 10 inches (25 centimeters) of rainfall per year, dominated by 
stem succulents, such as cacti, and desert shrubs that are frequently regularly spaced in their 
distribution 


deterministic without a concept of probability or measurement uncertainty 
detritivores organisms that feed on dead or decaying organic matter (such as earthworms) 
detritus dead or partially decomposed plant and animal matter, nonliving organic matter 


detritus food chain food chain in which the primary producers are not consumed by graz- 
ing herbivores, but where dead and decaying plant parts form litter (detritus) on which decom- 
posers (bacteria and fungi) and detritivores feed, with subsequent transfer of energy through 
the detritus food chain 


dimictic refers to mixing or inversion of a lake twice a year 

diselimax seral stage of succession maintained by anthropogenic (human-generated) dis- 
turbance 

dispersal. leaving an. area of birth for another area. movement of individuals or their dis- 
serainules (seeds, larvae, spores) into or out of 2 population or arca 

dispersion: paitern of distribution of individuais within a population over an area 

_ disturbance corridor: a linear disturbance through the landscape matrix 
diversity-produetivity hypothesis hypothesis based on the assumption that interspecific dif- 
ferences in the use of resources by plants allow more diverse plant communities to more fully 
use limiting resources and, thereby, attain greater net primary productivity 
diversity-stability hypothesis hypothesis based on the assumption that primary productiv- 
ity in more diverse plant communities is more resistant to and recovers more fully from major 
perturbations such as drought . 

domestication (from Latin damus, “home”) evolutionary changes in plants and animals 
brought about under human artificial selection 
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dominance-diversity curve number or percentage of each species plotted in sequence from 
the most abundant to the least abundant in a defined habitat; an expression or graph of spe- 
cies diversity based on species importance 


dystrophic refers to a body of water, such as a shallow freshwater lake, with a high content 
of humic matter, with deeper water depleted of oxygen 


E 


ecological density number of individuals per habitat space (that is, the area of habitat that 
can actually be colonized by that population) 


ecological economics field of study that attempts to integrate economic capital (goods and 
services provided by humankind, or the human workforce) with natural capital (goods and 
services provided by nature) 


ecological equivalent species that occupy the same ecological niche in different geographical 
regions 


ecological footprint the area of productive ecosystems outside a city that is required to sup- 
port life in the city 


ecological study unit (ESU) physical size of the experimental study area, mesocosm, or patch 
required in order to achieve proper replication 


ecological succession process of change and development whereby previous seral stages are 
teplaced by subsequent seral stages until a mature (climax) community is established 


ecology (from Greek oikos, “household,” and logos, “study of”) branch of science dealing with 
interactions and relationships between organisms and the environment; the study of goods and 
services provided by natural ecosystems, including the integration of these nonmarket services 
with the economic market 


economics (from Greek oikos, “household,” and nomics, “management”, translates as the “man- 
agement of thegousehold”) branch of science dealing with the goods and services provided by 
humankind, encompassing the integration of market services with nonmarket services pro- 
vided by natural ecosystems 


economic capital goods and services provided by humankind, or the human workforce, typ- 
ically expressed as gross national product (GNP) - 


ecophysiology that branch of ecology concerned with the responses of individual organisms 
to abiotic factors such as temperature, moisture, atmospheric gases, and other factors of the 
environment 


ecoregion classification of major vegetation types or ecosystems developed by R. W. Bailey in 
1976, based on a continuous land area in which the interaction of climate, soil, and topogra- 
phy permit the development of similar types of vegetation 


ecosphere all the living organisms of Earth interacting with the physical environment as a 
whole 


ecosystem a biotic community and its abiotic environment functioning as a system (first used 
by A. G. Tansley in 1935); a discrete unit that consists of living and nonliving parts interacting 
to form an ecological system 


ecotone zone of transition from one type of community or ecosystem to another (a transition 
from a forest to a grassland, for example) 


ecotypes subspecies or local populations adapted to a particular set of environmental 
conditions 


ectomycorrhizae relationship between a fungus and plant roots in which the fungus forms a 
network structure around root cells 
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edaphic climax stable plant community in equilibrium dependent on soil. topography. and 
local microclimatic conditions (as opposed to the general climate) 


edge a site where two or more structurally different communities or ecosystems meet (such as 
the edge of a pond or lake) 


edge effect response of plants and animals to the site where two or more communities ot eco- 
systems meet (typically creating an increase in biotic diversity along the edge site) 


edge species species that inhabit edge or boundary habitats, species that use edges for re- 
productive and survivorship purposes 


effective population size effective size of a population as a measure of how many genetically 
distinct individuals actually participate in the next generation; the minimum population size, 
below which a given species might lose its evolutionary potential 


emergence theory theory that the whole possesses properties not possessed by the individ- 
ual components 


emergent property refers to properties at various levels of organization that cannot be de- 
rived from lower-level systems studied in isolation 


eMergy amount of one type of energy required to develop the same amount of another type, 
amount of energy already used directly or indirectly to create a service or product 


emigration one-way movement of individuals out of a population 
endemic refers to species restricted to certain specialized habitats and found nowhere else 


energy budget rate at which an organism or population consumes energy relative to the rate 
at which an organism or population expends energy 


energy flow exchange and dissipation of energy through the food chain trophic levels of an 
ecosystem 


energy subsidies subsidies from outside the system (such as fertilizer, pesticides, fossil fuels, 
or irrigation) that enhance growth or rates of reproduction within the system 


entropy index of disorder associated with energy degradation; transformation of energy te a 
more random and disorganized state 


environmental resistance sum total of environmental hmiting factors, both biotic and abi- 
otic, that prevent the biotic potential (rma) of a population from being realized 


environmentalism guiding principle of those devoted to the health and sustainability of 
planet Earth 


ephemerals annuals that persist as seeds during periods of drought, but sprout and produce 
seeds quickly when moisture is favorable; term meaniny short-lived or of short duration 


epilimnion warmer, oxygen-rich upper part ofa lake when thermally stratified during summer 


epiphyte plant that grows on another plant but is not parasitic (such as an orchid hving on 
a tree} 

error acceptance criterion. risk one is willing to take of reaching an incorreci conclusion 
estuary (frouLatin aestus, “tide”) partially enclosed embayment, such a: a river mouth or 
coastal bay, where freshwater and sali (sea) water meet and where tidal action is an important 
physical regulator and energy subsidy 


eury- prefix meaning “wide,” derived from Greek eurus 


eusociality characterized by cooperative caring for young, division of labor, and an overlap 
of at least two generations of life stages functioning to contribute to group success 


eutrophic refers to a body of water high in nutrients and productivity 


eutrophication process of nutrient enrichment (typically of phosphates and nitrates} in 
aquatic ecosystems, resulting in increased primary productivity 
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evapotranspiration total loss of water by evaporation from an ecosystem, including water 
loss from the surface of plants, mainly through the stomata 


evenness index index expressing equitability in the distribution of individuals among a group 
of species; measure of the extent to which species are equally represented ina community 


evidence interpreted data summaries 


evolutionary ecology that branch of ecology dealing with the natural selection of and changes 
in gene frequencies in a population through time 


experimental design statistical plan for conducting an experiment, ensuring that causes as- 
sociated with effects can be evaluated by carefully controlling all appropriate variables 


exploitative competition relationship between two species in which one population exploits 
a resource, such as food, space, or common prey, to the extent that it adversely affects the other 
population (as opposed to interference competition) 


extrinsic factors factors such as temperature and rainfall that are outside the sphere of pop- 
ulation interactions 


F 
facilitation model model for succession in which previous seral stages prepare or facilitate 
the way for the next seral stage of community development 


factor compensation the ability of organisms to adapt and modify the physical environment 
to reduce limiting factors, stress, or other physical conditions of existence 


fecundity number of disseminules (eggs or seeds) produced by an organism 


fen wetland ecosystem that receives part of its nutrient input through a flow of groundwater, 
wetland that is only slightly acidic, dominated by sedges 


filter effect influence of gaps in landscape corridors that allow certain organisms to cross but 
restricts the movement of others 


fine-grained refers to a habitat or landscape patch in which the vagility of a given animal spe- 
cies is high relative to the size of the patch 


first law of thermodynamics although energy may be transformed from one form to another, 
it can never be created or destroyed (in other words, no gain or loss of energy occurs) 


fitness genetic contribution by an individual’s descendants to future generations; a measure 
of expected reproductive success 


floating reserve individuals in a population that do not hold territories and remain unmated, 
but are available to refill a territory vacated by the death of its holder 


flood pulse concept description of changes in a river, both laterally and longitudinally (both 
of the river and its associated riparian floodplain), especially during heavy rain or flooding 
(pulse) conditions 


flow pathways movement of matter or energy from one compartment to another 


food web summary or model of the feeding relationships within an ecological community; a 
representation of energy flow through populations in a community 


foraging strategy manner in which individuals seek food and allocate their time and ener: 
in obtaining it 
forcing function independent or extrinsic variables that cause a system to respond but are not 
themselves affected by the system 


founder effect population founded by a small number of colonists, often resulting in genetic 
variation markedly different from the parent population 


frequency of occurrence percentage of sample plots occupied by a particular species 
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frugivore organism that feeds on fruit 


functional response increase in the rate of feeding by a predator that occurs in response to 
an increase in prey availability 


fundamental niche niche determined in the absence of competitors or other biotic interac- 
tions such as predation; total range of environmental conditions under which a species could 
survive 


G 


Gaia hypothesis (from Greek Gaia, the Earth goddess) hypothesis formulated by James Love- 
lock in 1968, which holds that organisms, especially microorganisms, have evolved with the 
physical environment to provide control (self-regulation) and to maintain conditions favorable 
to life on Earth 


gallery forest rain forest that occurs along banks and floodplains of rivers, riverine forest 


gap phase succession successional development at a disturbed site within a stable plant com- 
munity; replacement and succession in a gap in a forest caused by a disturbance such as wind 
or disease 


Gause principle principle (first demonstrated in 1932 by G. F. Gause, a Russian biologist) 
that states that no two species with the same ecological requirements can coexist (see compet- 
itive exclusion principle) 


genetic diversity diversity or maintenance of genotypic heterozygosity, polymorphism, and 
other genetic variability in a natural population 


genetic drift changes in allele frequencies due to random variation or chance fluctuation in 
allele frequencies in a population over time 


genetic engineering manipulation of DNA, including the transfer of genetic material between 
species 
genotype frequency frequency of different genotypes in a population 


global climate change modification of the global-climate resulting from the increased pro- 
portion of greenhouse gases, especially CO,, emitted as by-products of human activities 


global positioning system (GPS) system that determines locations on the surface of Earth, 
including longitude, latitude, and altitude, using radio signals from satellites 

gradient analysis graph depicting vegetative response to a gradient (moisture, temperature, 
or elevation) 

grain the relationship of the size of landscape patches to an animal's vagility 

granivorous food chain food chain-originating with feeding on seeds 

grazing food chain food chain in which green plants (primary producers) are eaten by graz- 
ing herbivores (primary consumers), with subsequent energy transfer up the food chain to car- 
nivores (secondary and tertiary consumers) 

greenhouse effect absorption of infrared radiation by greenhouse gases. especially CO), in 
the atmosphere that was reradiated from the surface of Earth 

gross primary productivity (GPP) rate at which radiant energy is hxed by photosynthesis 


of producer organisms; the sum of net primary productivity plus respiration by autotrophs 
(GPP = NPP + R) 


group selection natural selection between groups or assemblages of organisms that are not 
necessarily closely linked by mutualistic associations, elimination of a group of individuals by 
another group of organisms possessing superior genetic traits 


guild group of species that make their living by exploiting the same class of resources in asim- 
ilar way 
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H 


Haber process industrial catalytic process for synthesizing ammonia from nitrogen and hy- 
drogen, discovered by Fritz Haber, a German chemist 
habitat place where an organism lives 


habitat diversity diversity of habitat patches in a landscape, which serves as a basis for 
metapopulation dynamics 


habitat fragmentation analysis determining how the landscape has changed by humans af- 
fecting the size, shape, and frequency of landscape elements (patches, corridors, and matrices) 


Hardy-Weinberg equilibrium law law, discovered independently in 1908 by G. H. Hardy and 
W. Weinberg, stating that in a population mating at random in the absence of evolutionary 
forces, allele frequencies will remain constant 


harvest method technique for measuring net primary productivity of herbaceous, terrestrial 
vegetation (such as old fields or grasslands); harvests are made periodically by clipping the 
vegetation at ground level from randomized sample sites, sorting to species, and then drying 
to a constant dry weight 


harvest ratio the ratio of grain (or other edible parts) to supporting plant tissue 
herbivore organism that feeds on plant material 
heterogeneity mixed genetic or environmental composition 


heterotroph individual unable to manufacture its own food from inorganic matter, which 
therefore consumes other organisms for its source of energy 


heterotrophic depending on other organisms for food or nourishment; a system where res- 
piration (R) exceeds production (P) 


heterotrophic succession succession beginning with P/R < 1; successional process on dead 
organic matter 


hierarchy arrangement into a graded series, such as leyels of biological organization 


holism (from Greek holos, “whole”) theory that whole systems cannot fully be understood by 
investigating their individual parts or properties; theory that whole entities have an existence, 
rather than being a mere sum of their parts 


holological refers to studies that investigate the ecosystem as a whole, rather than examining - 
each component part 


homeorhesis (from Greek “maintaining the flow”) tendency of a system to maintain itself in 
a pulsing state of equilibrium 

homeostasis tendency of a system to resist change and maintain itself in a state of stable 
equilibrium 

homeotherm organism that uses metabolic energy to maintain a relatively constant body 
temperature 


home range area over which an individual ranges throughout the year; empirical determina- 
tion of home range typically involves monitoring the movements of an individual by plotting 
them on a map, then joining the outermost points to form a minimum convex polygon 


homing ability of an individual to navigate a long distance in order to find its way back to its 
home area 


homozygous containing two identical alleles at the same loCi of a pair of chromosomes 
human ecology study of the impact of humankind on and integration with natural systems 
humus organic matter derived from partial decay of plant and animal matter 


hydrological cycle flow and cycling of water in its various states and reservoirs through the 
terrestrial, aquatic, and atmospheric environments 
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hydrology study of water, both quantitatively and qualitatively, as it moves through the hy 
drological cycle 


hydroperiod periodicity of water-level fluctuations 


hydrothermal vents sites in the ocean bed, usually near a mid-oceanic ridge, releasing geo- 
thermally heated water that is rich in dissolved sulfides, which are oxidized by chemosynthetic 
bacteria, providing organic compounds that support animal communities 


hypervolume niche multidimensional space concept proposed by G. E. Hutchinson in 1957, 
in which the niche of a species is represented as a point or volume in a hyperspace whose axes 
correspond to attributes of that species 


hypolimnion cold, oxygen-poor, bottom part of a lake when thermally stratified during sum- 
mer; zone of a lake below the thermocline 


hypothesis idea or concept that can be tested by experimentation 


ideal free distribution distribution of individuals across resource patches of different intrin- 
sic quality that equalizes the net rate of gain when competition is taken into account 
immigration movement of new individuals into a population or habitat 


importance value sum of the relative density, relative dominance, and relative frequency of a 
species in a community on a scale from 0 to 300; the higher the importance value, the more 
dominant is that species in that particular community 


inbreeding mating betwéen close relatives 
inbreeding depression detrimental effects of inbreeding, resulting in an inadequate gene pool 


inclusive fitness an individual's own reproductive success, plus the increased fitness of its 
relatives, weighted according to the degree of the relationship 


individualistic concept concept of community development, first proposed by H. A. Glea- 
son in 1926, stating that species of plants are distributed individually with respect to biotic and 
abiotic factors; thus, associations result only from similar requirements 


inductive reasoning from specific to general conclusions 


inhibition model model of succession proposing that dominant plant species occupying a site 
prevent colonization of that site by other plant species 


input management strategy of managing system inputs rather than system outputs; source 
reduction approach to reducing pollution 


insectivore heterotrophic organism that feeds mainly on insects: 

integrative pest management (IPM) program or management strategy designed te address or 
control a particular pest problem with only a minimum application of pesticides, use of dif- 
ferent methods and farming strategies (chemical, biological, physical, or culvural) to suppress 
pest populations below their economic threshold. 

interdisciplinary approaches resulting in cooperation among members cf diferent scientific 
disciplines when addressing a higher-level concept, problem, or questien 

interference competition competition between two species in which both populations ac- 
tively inhibit each other; competition in which access to a resource is limited directly by the 
presence of the other species (as opposed to exploitative competition) 


. interior species individuals, chiefly birds and mamrnals, that inhabit the interior of a forest 


or grassland ecosystem rather than its edges 
interspecific competition competition between individuals of different species 


intraspecific competition competition between individuals of the same species 
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intrinsic factors population fluctuations controlled primarily by regulatory mechanisms (ge- 
netic, endocrine, behavioral, disease, and so on) within the population 


intrinsic rate of natural increase the maximum per capita rate of population increase (r 


) 
max. 
based on a stable age distribution and freedom from competition and limiting resources 


island biogeography theory that the number of species on an island is determined by the 
equilibrium between the immigration of new species and the extinction of species already 
present 


J 


J-shaped growth curve J-shaped pattern of population growth that occurs when the popula- 
tion density increases in exponential fashion 


K 


keystone species functional group or population without redundancy; a species (such as a 
predator) having a dominating influence on the structure and functioning of a community or 
ecosystem 


kinetic energy energy associated with motion 


kin selection. selection in which individuals increase their inclusive fitness by helping in- 
crease the survival and reproductive success of relatives (kin) that are not their offspring 


K-selection selection under carrying capacity, K, conditions with a high level of competition; 
species characterized by K-selection tend to dominate mature stages of ecological succession 


L 


landscape heterogeneous area composed of a cluster of interacting ecosystems that are re- 
peated in a similar manner throughout the area; landforms of a region in the aggregate; a re- 
gional level of organization between the ecosystem and the biome 


landscape architecture study of the structure and three-dimensional use of habitat space in 
the field of landscape ecology l 


landscape corridor strip of vegetation that differs from the matrix and frequently connects 
two or more patches of similar habitat 


landscape ecology the branch of ecology that focuses on the development and dynamics of 
spatial heterogeneity, the influences of spatial heterogeneity on biotic and abiotic processes 
among ecosystems, and the management of spatial heterogeneity at the landscape scale 


landscape geometry study of shapes, patterns, and configurations at the landscape scale 


landscape matrix large area of similar ecosystem or vegetation types (agricultural or forest, 
for example) in which landscape patches are embedded 


landscape mosaic quilt-like patches of different types of vegetative cover across a landscape; 
cluster of ecosystems of different types 


landscape patch relatively homogeneous area that differs from the surrounding matrix (such 
as a woodlot embedded in an agricultural matrix) 


law of diminishing returns as an ecosystem becomes larger and more complex, the propor- 
tion of gross productivity that must be respired to sustain growth increases (in other words, 
the proportion of productivity that can go into further growth declines) 


lentic (from Latin lenis, “calm”) refers to standing-water ecosystems such as lakes and ponds 
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levels of organization a hierarchical arrangement of order ranging from the ecosphere (or be- 
yond) to cells (or beyond) illustrating how each level manifests emergent properties that are 
best explained at that particular level of organization 


lichen organism that consists of a fungus (the mycobiont) and an alga or cyanobacterium (the 
phycobiont) living in a mutualistic association; a lichen may be crustose, foliose, or fruticose ac- 
cording to species 


Liebig law of the minimum concept, first stated by Baron J. von Liebig in 1840, that the es- 
sential material or resource most closely approaching the minimum need tends to be the lim- 
iting one 


life table tabulation of mortality and survivorship schedules of a population based on an ini- 
tial cohort 


life zone concept early classification of major vegetation types put forth by C. H. Merriam in 
1894, based on the relationship between climate and vegetation 


light saturation level that value of photosynthetically active radiation (PAR) at which any fur- 
ther increase results in no further increase in photosynthesis 


limiting factor resource that limits the abundance, growth, and distribution of an organism 
or species 


limits of tolerance upper and lower limits to the range of particular environmental factors 
(such as light or temperature) within which an organism or species can survive 


limnetic zone the open water of a lake beyond the littoral zone, where P/R > 1 
limnology study of freshwater ecosystems such as lakes 


Lincoln index mark-recapture method use to estimate the total population density; an index 
devised in 1930 by the American ornithologist Frederick C. Lincoln to estimate population 
density 


littoral- zone zone containing rooted floating and emergent vegetation along the shore of a 
lake or pond, where P/R > 1 


logistic growth pattern of population growth producing a sigmoidal (S-shaped) curve that 
levels off at the carrying capacity 


lotic (from Latin lotus, “washed”) running-water ecosystems such as streams and rivers 


Lotka-Volterra equations model developed in the 1920s by Alfred Lotka, an American math- 
ematician, and Vito Volterra, an Italian mathematician, based on the logistic equation, ex- 
pressing interspecific competition (such as predator-prey relationships) 


M 
maerocosm (from Greek makros, “large”) a large-sized exzerimental or natural ecosystem 


macroevolution evolution of rapid, major phenotypic changes, resulting in changed lineage 
of descendants into distinct new taxons 


macronutrients. clements required by living organisms in substantial amounts (such as nitro- 
gen ard phosphorus) 


maerophytes rooted or large floating plants (such as water lilies) 


maintenance energy resting or basal rate of metabolism plus the energy necessary to cover 
minimum activities under field conditions 


Mangroves emergent woody plants that tolerate the salinity of the open sea; trees that domi- 
“nate tropical intertidal forests 


mariculture fish or other food farming in enclosures (mesocosms) in bays and estuaries 
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marsh wetland ecosystem with periodically waterlogged mineral soils, dominated by cattails 
and sedges 


- maximum cartying capacity (Km) maximum density that the resources in a particular habi- 
tat can support 


maximum sustained yield the point in a population growth curve where harvested biomass 
would be most rapidly replaced; the maximum rate at which individuals in a population can 
be harvested without reducing its size 


median fiftieth percentile or middle value in a distribution 


merological (from Greek meros, “part”) refers to studies that investigate component parts first 
in an attempt to understand the system as a whole 


mesic describes moist habitat conditions 
_Mmesocosm (from Greek mesos, “middle”) a midsized experimental ecosystem 


- Metacommunity the dominance-diversity curve in neutral theory that characterizes species 
diversity at the metacommunity equilibrium between rates of speciation and extinction of 
species 
metapopulation group of subpopulations of a population living in separate locations, but 
with active exchange of individuals among subpopulations 
microcosm (from Greek mikros, “small”) a small, simplified, experimental ecosystem 


microevolution evolution of small changes within a population that occur over time by nat- 
ural selection. 


4 


micronutrients elements required by living organisms only in small or trace amounts 


mid-oceanic ridges undersea areas in which spreading tectonic plates create vents, hot sul- 
furous springs, and seeps 


migration periodic departure and return of the same individuals in a population 
mimicry resemblance of one species to another as a mechanism evolved to deceive predators 


minimum known alive (MKA) mark-recapture method used to estimate the percentage of the 
total population known to be alive on a particular date; frequently termed the calendar-of- 
catches method, based on the capture history for a particular species . 


mode the value or item occurring most frequently in a series of observations or statistical data 


model formulation that mimics a real-world phenomenon; a simplified representation of the 
real world that aids understanding l 


montane related to mountains 
mortality death of individuals in a population 


Mullerian mimicry physical resemblance of various members of a group of noxious or dan- 
gerous species (compare Batesian mimicry) 


mutualism relationship between two species in which the growth and survival of both pop- 
_ ulations benefit 


. 


mycorrhizae mutualistic associations between fungi and the roots of plants 


natality ability of a population to increase by reproduction; production of new individuals in 
a population 

natural capital benefits and services supplied to human societies by natural ecosystems 
natural selection evolutionary process involving differences between individuals in their rates 


of survival or reproduction, resulting in some types of individuals being represented more fre- 
quently than others in the next generation 
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nectar food chain food chain originating from the nectar of flowering plants, frequently de- 
pendent on insects and other animals for pollination 


negative feedback information that inhibits the growth or output process of a system 
nekton free-swimming: organisms, such as fish 


neretic refers to regions of marine environments where land masses extend outward as a con- 
tinental shelf 


net community productivity rate of storage of organic matter in an ecosystem that is not 
used by heterotrophs during the period of measurement (usually a growing season or a year) 


net energy energy remaining after metabolic losses that is available for growth and reproduc- 
tion; yield beyond the energy cost of sustaining the conversion system 


net primary productivity (NPP) rate of storage of organic matter in plant tissues exceeding 
the respiratory use by the plants during the period of measurement (NPP = GPP — R) 


neutralism relationship between two species in which neither population is affected by asso- 
ciation with the other 


neutral theory extension of the theory of island biogeography, proposed by Stephen P. 
Hubbell in 2001, in which all species are treated as if they possess the same per capita rates of 
birth, death, dispersal, and speciation 


niche functional role of a species in a biotic community or ecosystem 


niche assembly theory hypothesis that ecological communities are equilibrium assemblages 
of competing species, coexisting because each species is the most effective competitor in its 
own niche : 


niche overlap overlap or sharing of niche space by two or more species 
niche width range of a niche dimension occupied by a population or species 


nitrogen cycle description or model depicting the movement of nitrogen-containing com- 
pounds as they cycle among the atmosphere, soil, and living matter; movement of nitrogen, N, 
among the atmosphere, biosphere, and hydrosphere, including transformations between dif- 
ferent chemical forms 


nonparametric statistics statistical tests that do not require a normal or random pattern of 
distribution but can be carried out on qualitative or ranked information 


nonreducible properties properties of the whole that are not reducible to the sum of the 
properties of the parts 


nodsphere (from Greek nods, “mind”) a system dominated or managed by the human mind, 
as proposed by the Russian scientist V. I. Vernadskij in 1945 


normality data conforming to a bell-shaped curve of the normal probability distribution 


null hypothesis hypothesis that a sample of individuals drawn from a population in nature 
will come from a population with a known characteristic or parameter 


numerical response change in the size of a population: of predators ia response to a change 
in the density of prey 
nutrient substance required by an organism for normal growth, health, and vitality 


nutrient cycling biogeochemical pathway in which an element or nutrient moves through 
ecosystems from assimilation by organisms to release by decomposers (bacteria and fungi), to 
be taken up by producers and recycled through the trophic levels once again 


nutrient spiraling model of nutrient dynamics in a stream or river that, because of the down- 
stream displacement of organisms or materials, are best represented by a spiral 
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power probability of detecting a significant treatment effect when in fact there is one 





precautionary principle encourages humankind to take action before effects are seen 


predation relationship between two species in which one population serves as a food source 
for the other; a’ relationship whereby a predator kills its prey (depends on the prey as its food 
resource) 


prescribed burning fires managed by humankind that favor particular organisms and eco- 
systems, such as grasslands and longleaf pines 


primary consumers first-order consumers sero) feeding directly on living plants or 
plant parts 


primary producers organisms that produce ood from simple inorganic substances (that is, 
photosynthetic plants) 


primary production production of biological materials (biomass) by photosynthetic or che- 
mosynthetic autotrophs 


primary productivity rate at which primary producers produce biomass 


primary succession ecological succession beginning on a barren, previously unoccupied sub- 
strate (such as a lava flow) 


producers autotrophic organisms (such as green plants that can manufacture food via photo- 
synthesis) 


profundal zone the deep-water area of a lake that lies beyond the depth of effective light pen- 
etration, where P/R < 1 


protocooperation relationship between two.species in which both populations benefit from 
the relationship, but the association is not obligatory; frequently termed facultative cooperation 


pseudoreplication occurs when researchers attempt to increase sample size by increased sam- 
pling or measuring of the same experimental treatment unit or mesocosm, rather than repli- 
cating the number of treatment units or mesocosms; three common types of pseudoreplication 
are spatial, temporal, and sacrificial 


pulse stability property of systems adapted to a particular intensity and frequency of pertur- 
bations; populations that oscillate near the e carrying capacity of a particular set of environ- 
mental conditions 


punctuated speciation theory of evolution in which a species evolves in short bursts of rapid 
change early on but quite slowly thereafter 

pyramid of biomass model or diagram that depicts the amounts of standing crop biomass at 
different trophic levels of an ecosystem 


pyramid of energy model or diagram that depicts the rates of energy flow through the dif- 
ferent trophic levels of an écosyster. 


pyramid of numbers model or diagram that depicts the number of organisms present at each 
trophic level of an ecosystem; frequently termed the Eltonian pyramid, attributed to Charles Fl- 
ton, a British ecologist 


Q 


quadrat a basic sampling unit, typically 1 m’, used to sample grassland and old-field plant 
communities 


qualitative chemical defenses chemically inexpensive poisons and toxins in plants that con- 
stitute effective barriers to herbivory 


quantitative chemical defenses chemically expensive compounds in plants, such as tannins, 
that constitute barriers to herbivory by reducing plant quality or palatability 
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rad unit of radiation defined as an absorbed dose of 100 ergs of energy per gram of tissue 


radiation ecology the branch of ecology concerned with the effects of radioactive materials 
on living systems and with the pathways by which these materials are dispersed within eco- 
systems 


radionuclides isotopes of elements that emit ionizing radiations 

rain shadow dry area on the lee side of mountains 

random distribution distribution of individuals in a random pattern independent of all other 
individuals 

randomization chance-mediated assignment of items or units to treatments to reduce re- 
searcher bias 

random variation estimate of measurement dispersion around the most likely random variable 


realized niche niche determined in the presence of competitors and other biotic interactions, 
such as predation 


recessive describes an allele or phenotype that is expressed only in its homozygous state 


reductionism theory that complex systems can be explained by analyzing the simple, basic 
parts of those systems 


refuge site where individuals of an exploited population find protection from predators and 
parasites; isolated area where plants and animals find refuge from unfavorable environmental 
conditions; location where flora and fauna that were once widespread, but now considerably 
diminished in area, remain present 


regenerated corridor regrowth of a strip of natural vegetation (such as a hedgerow that de- 
velops along fences due to the natural processes of secondary succession) 


regular distribution distribution of individuals in a pattern more evenly spaced than would 
be expected by chance; uniform spacing or dispersion 


relative dominance basal area for a particular species divided by the total basal area for all 
species; a value typically used to describe the dominance of tree species in a forest community 


‘relative humidity percentage of water vapor present compared with saturation under exist- 
ing temperature-pressure conditions 


remnant corridor a strip of native vegetation left uncut after the surrounding vegetation is 
removed 


rescue effect the concept that extinction is prevented by an influx of iramigrants 

resilience ability of a system to return to its original state or condition following a perturbation 
resilience stability ability of a system to recover from a perturbation when the systera is 
disrupted 

resistance capacity of a system to maintain. its structure and function dining a perturbation 
resistance stability ability of a system. te resist perturbations and to maintain its structure 
and function intact 


resource corridor a strip of natural vegetation that extends across the landscape. (such as a 
galley forest along a stream) 


resource partitioning differential use of resource types by a species or category of organisms 
resource-use competition competition between two species in which each population ad- 
versely affects the other indirectly in the struggle for resources in short supply 

resprout species. fire-dependent species of plants that put more energy inte underground 
storage organs and less into reproductive structure 
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restoration ecology the branch of ecology that deals with the restoration of a disturbed site 
of a plant and animal community or ecosystem to conditions that existed prior to the distur- 
bance; the branch of ecology focusing on the application of ecological theory to restoration of 
highly disturbed sites, ecosystems, and landscapes 


reward feedback positive feedback (increased growth or survivorship) by an organism or tro- 
phic level that sustains the survival of its food resource 


theotrophic describes wetlands (such as fens) that obtain much of their nutrient input from 
groundwater 


rhizosphere region of soil activity immediately surrounding roots 
R horizon parent rock below the C horizon of soil 
riparian along banks of rivers and streams 


river continuum concept model depicting a continuum of changes in physical structure, 
dominant organisms, and ecosystem processes along the length of a river system 


Rosenzweig rule states that the logarithm of net primary productivity is linearly related to 
the logarithm of evapotranspiration l 


r-selection selection at or near intrinsic growth rate, r, characterized by high rates of repro- 


duction under conditions of low competition; r-selection tends to dominate in early stages of - 


ecological succession 


S 


sample subset of all observations or individuals, N, in a population or sampling universe 


saprotroph organism that feeds on dead organic matter; organism that absorbs organic nu- 
trients from dead plant or animal matter 


saturation dispersal -movement of individuals out of a population that has reached or ex- 
ceeded carrying capacity l 


Savanna tropical grassland on which trees and woody shrubs are widely spaced 


sclerophyllous refers to woody plants with leathery, evergreen leaves that prevent mois- 
ture loss 


scope of inference target population and breadth of conclusion 


secondary compounds chemical compounds not used for metabolism, but chiefly for defen- 
sive purposes; compounds that interfere with specific metabolic pathways, physiological pro- 
cesses, palate response, or reproductive success of herbivores 


secondary productivity rate of storage of organic matter by heterotrophs; rate at which het- 


erotrophs (primary or secondary consumers) accumulate biomass by the production of new 
somatic or reproductive tissues 


secondary succession succession taking place on a site that had previously supported life 
(such as an abandoned crop field) 


second law of thermodynamics when energy is transformed from one form to another, there 
occurs a degradation of energy from a concentrated form to a dispersed form (in other words, 
no transformation of energy into potential energy is 100 percent efficient) 


sedimentary cycle any global cycle where geological processes, such as the weathering of ex- 
isting rock, erosion, and sedimentation, dominate or originate the cycle; calcium and potas- 
sium exemplify this type of cycle - 


self-thinning form of density-dependent plant mortality in an even-aged monoculture plant 
community a 
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self-thinning rule (also called —3/2 rule) rule stating that plotting the average weight of in- 
dividual plants in a stand against density often produces a line with an average slope of ap- 
proximately —3/2 


seral stage one of the successional stages in a sere 
sere series of successional stages at a particular site leading to a mature, climax community 


Shannon-Weaver index measure of the apportionment of species in a community based on 
information theory, published in 1949 by Claude E. Shannon and Warren Weaver 


Shelford law of tolerance law, proposed by V. E. Shelford in 1911, stating that the presence 
and success of an organism or species depends on both the maximum and minimum resource 
or set of conditions 


shredders stream invertebrates, typically aquatic insects, that feed on coarse particulate or- 
ganic matter (CPOM) 


sigmoid growth curve S-shaped pattern of population growth, with population size leveling 
off at the carrying capacity of that particular habitat 


sink habitat where local mortality exceeds local reproductive success 


soil conservation ethic practice used by farmers and stakeholders to prevent the loss of soil 
or decrease in soil quality 


soil erosion removal of soil particles by water and wind, frequently accelerated by human 
disturbance 


soil profile distinct strata or layering of horizons in the soil 

soil texture relative proportions of sand, silt, and clay particles in the soil 

solar constant rate at which sunlight reaches the atmosphere of Earth, equal to 1 94 geal + 
em™?+ min"! 

solar powered refers to systems run and maintained by solar energy 


source population a habitat where the reproductive success of a population provides indi- 
viduals for sink habitats 


spatial niche functional status of a species in its habitat expressed as a spatial dimension 


species apportionment apportionment of one species iu a defined area compared to the ap- 
portionment (numbers, biomass) of other species in the same area 


species richness number of different species in a defined area 


. standing crop biomass weight of living biological materials in a particular area at 2 spe- 


cific time 


state-variables. sets of numbers used to represent the state or condition of a system at a par- 
ticular:time 


statistical inference conclusion based on a mathemaiica! summary of the data 
steno- prefix meaning “narrow,” derived from Greek sternos 
stochastic refers to patterns arising from random factors or effects 


stream order numerical classification of stream drainage based on stream structure and func- 
tion from the headwaters to the mouth of the stream 


stream spiraling movement and cycling of essential elements (such as carbon, nitrogen, and 
phosphorus) between organisms and available pools as they move downstream 


subsidy-stress gradient gradient of response of a system to a perturbation, either positive (in- 
creased productivity) or negative (growth or reproductive retardation), through time 


succession: replacement of one community or seral stage by another 
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sulfur cycle movement of sulfur, S, between the lithosphere (the dominant reservoir) and the 
atmosphere, hydrosphere, and biosphere, and the transformations between different chemical 
forms ` 


survivorship curve graphic description of the pattern of survival of individuals in a popula- 
tion from birth to the maximum age attained by each individual 


sustainability ability to meet the needs of the present generation without compromising the 
ability to meet the needs of future generations, maintaining natural capital and resources to 
supply with necessities or nourishment to prevent falling below a given threshold of health or 
vitality l 


symbiosis two dissimilar species living together in close association 
sympatric speciation speciation that occurs in the absence of geographic isolation 


synergism result of combined factors, each of which influences a process in the same direc- 
tion, but that, wheri.combined, provide a greater effect than they would acting separately 


system collection of interdependent components functioning within a defined boundary 


systems ecology the branch of ecology focusing on general systems theory and application 


T 
Taiga circumpolar northern boreal forest biome 
technoecosystem human-built system such aş urban, suburban, and industrial development 


temperate grasslands biomes dominated by grasses, such as Andropogon, Panicum, and Boute- 
loua, where annual precipitation is between 10 and 30 inches (25-75 centimeters) per year 


territoriality defense of habitat space by an individual or a social group 
territory area within a habitat defended by an individual 


thermocline layer of water in a thermally stratified lake where the temperature profile changes 
rapidly relative to the body of water as a whole; zone of water in a thermally stratified lake be- 
tween the epilimnion and hypolimnion 


3/4 power law the metabolic rate of an individual animal tends to increase as the 3/4 power 
of its weight 


tilth aggregation of mycorthizae and soil particles that constitutes a healthy soil structure 


tolerance model model of succession that proposes that succession leads to a community 
composed of those plant species that ate most efficient in exploiting resources 


top-down regulation regulation of a community or ecosystem trophic structure by increased 
predation; influence of secondary consumers on the sizes of the trophic levels below them in 
the food web 


transdisciplinary refers to approaches involving multilevel large-scale cooperation focusing 
on entire educational or innovative systems 


transpiration efficiency ratio of net primary production to water transpired 
treatment experimental action designed to produce an effect 
trophic dynamics transfer of energy from one trophic level or part of an ecosystem to another 


trophic level position in a food chain as determined by the number of energy transfer steps 
to that level (primary producer to secondary consumer, for example); functional classification 
of organisms in an ecosystem according to feeding relationships 


trophic niche functional status of a species based on trophic level or energy relationships 


Tuckfield maxim data collected for a general or unspecified purpose can answer very few 
specific questions 
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Tundra biome characterized by mosses, lichens, sedges, and forbs, but absence of trees; area 
of permanently frozen soil dominated by treeless vegetation 


turnover time time required to replace a quantity of a substance or resource equal to the 
w : 
amount of that component present in the system 


U 


ultraviolet radiation (UV) electromagnetic radiation at wavelengths between 100 and 
400 nanometers, lying just beyond the high-energy (violet) end of the visible light band of the 
solar spectrum 


understory layer of vegetation below the canopy of a forest 


upwelling movement of deep ocean water to the surface or into the euphotic zone; occurs 
most commonly along the west coasts of continents (for example, the Peru Current along the 
coast of South America) 


V 


vagility inherent ability to move about freely 
vector organism that transmits a pathogen from one organism to another 
vernal pool temporary pond or shallow pool filled in the spring 


vesicular-arbuscular mycorrhizae (VAM) relationship between fungal mycelia and plant 
roots, in which the fungus enters and grows within the root cells of the host and extends into 
the surrounding soil 


virulence the'aspect of parasites that measures the harm done to the host 


Ww 


water potential capacity of water to perform work, determined by its free energy content 


watershed catchment or drainage basin of a river; the total area above a given point on a 
stream or river that contributes water to the flow at that point 


wave-generated succession secondary succession initiated in plant communities vulnerabie 
to strong winds when waves of trees or vegetation are uprooted 


weathering physical and chemical breakdown of rock and its component minerals at the soil 
interface l 


wetlands habitats that are perpetually or periodically flooded 
wildfires intense fires that destroy most of the vegetation and some soil orgamc matter 


wildlife management the branch of ecology dealing with the management and conservation 
of indigenous wildlife 


woodland tree-covered land including associated plant and animal habitats 


X 


xeric characterized by dry conditions 


xerophyte plant with special adaptions (such as sunken stomata) for surviving prolonged pe- 
riods of drought 


xerosere term used to describe succession on dry land or rock surface 














